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ABSTRACT
The purpose of this study is to characterize radiation-induced luminescence of ter­
bium-doped silicate glasses. Experiments performed investigated the optical properties, 
isothermal time-evolution, and temperature dependence of the radiation-induced lumines­
cence of two commercially available terbium-doped glasses. A problem common to this 
type of glass is the persistent luminescence, or afterglow, that occurs following the end of 
excitation from an external source of radiation. While the processes that govern character­
istic luminescence of rare earth ions, including terbium, are well understood, the processes 
that give rise to afterglow in doped glasses are not. Identifying the source of long-term 
luminescence is essential for controlling problems that may arise from practical applica­
tions of luminescent glasses.
It was determined that the stimulation of terbium fluorescence is the result of direct 
excitation from the external radiation source, and indirect excitation from the delayed 
recombination of charge carriers releasing from traps in the host glass. The range of trap 
depths is found to be well represented by quasi-continuous distribution functions. The 
characteristic decay time during the initial response of both glasses studied is approxi­
mately 3.5 milliseconds. Decay of the afterglow was observed to persist for several hours, 
depending on the acquired dose of radiation. Comparison of the response to x-rays and 
ultraviolet radiation yielded the same results, indicating that the same processes are 
involved in producing afterglow for both cases. This result suggests a more efficient 
means of characterizing scintillating glasses by using ultraviolet lasers instead of x-rays.
xii
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Chapter 1 
Introduction
1.1 X-rays and NDE
In recent years, there has been considerable interest in using digital radiography 
and computerized tomography (CT) as methods of Nondestructive Evaluation (NDE). 
Nondestructive Evaluation uses a variety of techniques to evaluate the integrity of existing 
structures. NDE is also used extensively for the study of new materials, particularly how 
such materials respond to different load conditions. Both digital radiography and CT allow 
inspectors to image the internal structure of objects without physically cross-sectioning 
and destroying them in the process.
X-ray radiography and tomography both use an object's attenuation of x-rays for 
obtaining information. The fraction of x-rays received at the detector is related to the size 
and density of the objects along the path between the source and the detector. The attenua­
tion of monochromatic x-rays of incident intensity I0 in a material is given by the Beer- 
Lambert Law:
/(* )  = / 0exp (-(p . • p • x ))  (l . i)
where x  is the linear path length of x-rays passing through an object of density p and mass 
attenuation coefficient, p.. In general, the value of the mass attenuation coefficient is 
dependent on the energy of the incident photons, the density of the material, and the 
atomic number of the material.
2
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3The conventional method for obtaining x-ray images is to expose photographic 
film, producing a single hard copy. By using scintillation detectors and phosphor screens, 
however, radiographic information can be recorded electronically since the measured x- 
ray intensity at the detector is directly proportional to the luminescence of the scintillating 
material. Acquired data therefore can be digitized, stored on a computer, and then recon­
structed into a digital image that can be reproduced as needed. The speed at which succes­
sive images can be recorded, however, is dependent on the luminescence response of the 
scintillating material.
1.2 Of scintillations and radiations
An important characteristic of any scintillator is the temporal response of the stim­
ulated luminescence, or scintillation, to an impulse of radiation. For most practical appli­
cations, a prompt decay of the luminescence is the ideal. Long decay times, on the other 
hand, make it difficult, if not impossible, to differentiate between individual events 
recorded by a detector.
Luminescent processes that occur on a time scale on the order of 10'9 to 10'7 sec­
onds are referred to as fluorescence. Fluorescence is associated with luminescence that 
occurs almost simultaneously with the excitation and then immediately ceases following 
the removal of the excitation. The basic theory describing the process of fluorescence is 
electromagnetic decay from an excited state. Electrons in the ground state absorb energy 
from incident photons and are excited to a higher energy state. As an electron in the 
excited state relaxes back to the ground state, it emits a photon. The time-evolution of 
such processes is given by a simple decaying exponential
where x is the lifetime of the excited energy state. In general, fluorescence is independent
( 1.2)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4of temperature.
Sometimes luminescence processes can go on for much longer periods o f time, 
from milliseconds (10'3 s) to hours. These long term processes are classified as phospho­
rescence or afterglow. Afterglow results from a delay in the electronic processes that give 
rise to luminescence following the removal of incident radiation. One of the important fea­
tures of afterglow is that, in contrast with fluorescence, it is often strongly dependent on 
temperature. The intensity of afterglow has been observed to decrease with time either 
exponentially or with an inverse f 1 dependence
[o/ ( t) = —— -^-----  (1.3)
( p - r + l ) ' ”
where 1 < m < 2.
Randall and Wilkins (1945), and later Garlick and Gibson (1948) established the 
basic mechanisms responsible for temperature dependent phosphorescence and its relation 
to thermally stimulated emission, or thermoluminescence. In their respective research, 
each developed the basic models that describe the processes that lead to the two different 
forms of observed luminescence decay. The two basic processes are classified by the order 
of kinetics involved: first-order kinetics, where an electron thermally releases from a trap 
and immediately recombines with a hole; and second-order kinetics, where a released 
electron has a much greater probability of retrapping than recombining with a hole.
1.3 Scintillation detection and measurement
Stated simply, a scintillator is a material that emits visible light following the 
absorption of energy, be it from a particle or from electromagnetic radiation. This property 
can be exploited not only to detect radiation, but also to quantify it. The stimulated light 
that is emitted can be converted into an electronic signal by instruments such as photomul­
tiplier tubes, charge-coupled devices (CCD’s), and photodiodes. Knowing the conversion,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5or quantum, efficiency of the scintillating material, one can deduce the amount of energy 
absorbed by counting the number of photons emitted. Some of the main classes of materi­
als used as scintillators are gases, organic solids and liquids, crystals, and glasses.
Two of the most common crystal scintillators used in high-energy physics and 
medical applications are thallium activated sodium iodide, NaI(Tl), and cesium iodide, 
CsI(Tl). These crystals have a higher conversion efficiency and greater stopping power 
than other types of materials. A scintillating crystal is fabricated by doping a crystalline 
host with impurity activators. An activator is an ion with energy levels lying in the band 
gap of the host crystal. Electrons excited into the conduction band of the crystal can 
become trapped at the impurity, then relaxing back to the valence band via transitions 
between an ion's energy levels, releasing a photon. Both Nal and Csl are sensitive to mois­
ture in the environment which could degrade the crystal, and hence, their performance. 
Crystals, in general, are brittle materials that are difficult to shape because of their physi­
cal structure.
Scintillators made of glass have an inherent advantage over crystalline materials in 
that glass can be shaped into optical fibers; acting both as a scintillator and lightguide. Just 
as in crystal scintillators, the scintillation process is brought about by energy transfer to 
impurity activators. The activators often used in glass scintillators are rare-earth ions such 
as trivalent terbium (Tb3+) and cerium (Ce3+), both of which have characteristic light 
emission in the visible wavelength regime. Though the luminescence lifetime of rare- 
earth ions is quite long (e.g. Tb3+ ~10'3 seconds), their atomic configurations ensures that 
the luminescence process should not change when subjected to different environmental 
conditions. Therefore, the luminescence response of rare-earth atoms are relatively inde­
pendent of the supporting substrate.
A recent application of scintillating glass as an x-ray detector involves fabricating 
optical wave guides that direct the stimulated light emission to a detector, as shown in Fig­
ure 1. The optical waveguides can be made with relatively small diameters (-order of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6Emitted Light
Reticon Photodiode 
Array
Figure 1.1 Fiber-optic x-ray sensor array.
microns), resulting in a high-resolution detection system. The glasses are also fabricated 
as single component phosphor screens in which the luminescence can be recorded by a 
CCD camera. Both of these applications makes glass an attractive material for use in high- 
resolution digital radiography and computerized tomography.
As with any measurement technique where an object in motion is being imaged, a 
prompt response from the detection system is essential. This response time involves both 
the time required for light levels to achieve a steady-state in the detectors, and the time it 
takes for the light to decrease to the noise level of the detectors. A long luminescence 
decay is undesirable in that it forces the user to choose between either long delays between 
data acquisitions, or image artifacts from previously imaged specimens.
1.4 Problems associated with scintillator afterglow.
The long lived components of the response can produce undesirable memory 
effects in scintillators used for x-ray imaging applications. This is particularly true when 
an object being imaged is in constant motion. If the time interval between successive data 
acquisitions is insufficient to allow the scintillator to completely relax, then residual infor-
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7mation will be carried over into the next set of data. This results in streaking, blurring, and 
ghost images in the reconstructed images. Figure 1.2 illustrates an example of a CT image 
reconstructed from a simulated scan exhibiting afterglow artifacts. During each sampling 
interval, the object casts a shadow on the detectors, or projection, which has a magnitude 
dependent on the objects attenuation to x-rays as given by the Beer-Lambert law. The 
object is then moved and sampled in a time period that does not allow the previous infor­
mation to decay to insignificant levels, producing false projection data that manifests itself 
as a ghost object in the final reconstructed image.
There are three possible ways in which to eliminate or reduce the effects o f after­
glow: prolong the time interval between data acquisitions, and hence prolong the total 
scan time; operate the system at radiation levels where afterglow is minimized; or correct 
the data for afterglow following the completion of the scan. The first method is the easiest,
Projection Data Resulting Image
Afterglow artefact
Figure 1.2 An object is moved during a CT scan at time intervals such that informa­
tion from a previous view remains. This creates data in which there appears to be a 
second object with the same dimensions but of less density.
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8allowing photon counts from the current view to dominate over the residual information. 
This, however, is a very time-consuming method. The second and third methods permit 
shorter scan times, but require an understanding of the physical characteristics of the 
glass. A fourth method, not listed above, would be to create an entirely new scintillator. 
This method, however, is beyond the scope of this work.
1.5 Dissertation overview.
The purpose of this study is to characterize the temporal behavior of long-term 
luminescence in terbium-doped glasses, and to determine the conditions under which 
afterglow can be minimized. Experimental work for the study was conducted in three 
main stages: measurements of the spectroscopic properties, characterization of the tempo­
ral response of LASER- and x-ray induced luminescence, measurement of temperature 
dependent luminescence. Coarse measurements of the conductivity were also made. 
Results of the luminesce experiments were then compared to existing models of lumines­
cence in solids [Randall and Wilkins 1945; Garlick & Gibson 1948; Medlin 1962; McK- 
eever 1985].
Theoretical background relevant to this research is discussed in Chapter 2, cover­
ing the following topics: properties of rare-earth ions, radiation-induced luminescence in 
solids, and thermoluminescence. The experimental apparatus and techniques are described 
in Chapter 3. Results of the experiments are discussed in Chapter 4. Discussion and inter­
pretation of the experimental results is found in Chapter 5. Proposed future work and con­
clusions are in Chapter 6. Application of this research to x-ray computerized tomography 
and radiography is detailed in Appendix A.
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Chapter 2 
Theoretical Background
2.1 Introduction
A general description of stimulated light emission in a doped silicate glass can be 
summarized as a sequence of energy transfer processes. In such materials, the dopants, 
referred to as activators, convert energy absorbed from incident radiation into visible light. 
Activator luminescence is stimulated from two sources: direct excitation of the activator, 
and indirect excitation resulting from trap-limited electron-hole recombination at the acti­
vator sites. The temporal response of the luminescence is, therefore, a combination of 
responses from the two sources. Direct excitation produces a response that is intrinsic to 
the properties of the activator. Indirect excitation, however, also involve the electronic 
properties of the host material.
Though most glasses are insulators, a specific discussion of electronic processes 
that give rise to energy transfer in glass is impossible due to the random configuration of 
the constituents. Discussion of electronic processes in crystalline semiconductor materi­
als, however, can be generalized and applied to amorphous systems, such as silica.The 
short-range order found in amorphous systems can be related to the recombination statis­
tics in semiconductors outlined by Shockley and Read [Shockley & Read 1952]. Theoreti­
cal discussions in this chapter, therefore, will consider silicate glass to be a wide-gap 
semiconductor.
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2.2 Luminescence of rare-earth ions
Rare-earth ions are commonly used as luminescent centers in laser-type materials 
and scintillators [Fuxi 1992; Ruchti et al 1983] due to their emission properties. The 4f 
shell of rare-earth ions is not completely filled and is screened from the exterior environ­
ment by the outer electronic shells. This unfilled shell gives rise to a discrete set of energy 
levels by which electrons may undergo radiative and non-radiative transitions.
Radiative transitions between energy levels of the same electronic shell are strictly 
forbidden under LaPorte selection rales [LaPorte 1924]. Interaction between the electrons 
of rare-earth ions and a host material, however, perturbs the atomic orbitals of the rare- 
earth ions, enabling transitions to occur. The theory of light emission and absorption in 
rare-earth ions was put forth by Judd (1962) and Olfelt (1962) with regard to rare-earth 
ions in crystals. Both treated the problem by examining a single ion in a static crystal field 
potential. The electric and magnetic fields of the host crystal perturb the rare-earth ion 
such that there is an admixture of 4f° and 4fn*15d states of opposite parity, thus relaxing 
the LaPorte restriction. A similar argument has been used for rare-earths in amorphous 
compounds, where instead there is an interaction with the ligand field.
The 4f-4f transitions are not affected by the surrounding environment since the 4f 
shell of rare-earths in the trivalent state is shielded by the outer 5d shell [Blasse and Bril 
1970]. Because of this unique characteristic, the emission and absorption properties do not 
change significantly with temperature. The quantum conversion efficiency, however, 
decreases with temperature due to energy losses from non-radiative transitions. The mea­
sured luminescence transition rate is, therefore, a summation of the inverse of the intrinsic 
radiative lifetime of the excited state, and the transition rates due to non-radiative pro­
cesses Wm:
-  =  -  +  W (2. 1)t ti nr
Examples of non-radiative transitions in rare-earth ions are phonon assisted energy
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transfer between neighboring ions, and muldphonon transitions with the host lattice [Reis- 
feld et al 1972]. The energy gap (A£) dependence o f phonon processes is given by
w nr(E) = p - e x p ( - a A  E) (2.2)
where a  and |3 are constants characteristic of the host material. The temperature depen­
dence, or thermal quenching, is simply expressed by the following formula:
WnrW)  = WnrW)  ( ^  + l ) z (2.3)
where m is the phonon occupation number or [ exp ( (fica) /  (kBT ) ) - 1 ]  1 , z is the 
number of phonons with energy fica [Blasse 1987], As the temperature of the sample 
increases, more vibrational modes become available to phonon excitation. The increased 
rate of phonon transition with temperature depletes the population of excited electrons 
available for radiative transition and thus decreases the measured luminescence lifetime.
Figure 2.1 illustrates the excitation, emission, and thermal quenching processes on 
a configurational-coordination diagram. The r-axis represents the ion distance. Depending 
on the electronic configuration, the center of electronic excited energy states, re, will be a 
distance 8r from that of the ground state, rg.
Upon absorption of a photon, an electron is excited from the ground state to a 
vibrational mode of the first excited state. After the electron relaxes down to the lowest 
vibrational level of the excited state, it can then undergo a radiative transition to a vibra­
tional mode of the ground state. Non-radiative transitions are also possible, occurring 
when the electron is excited to a vibrational mode that overlaps with the ground state 
potential at the energy E '. One way in which this level can be reached is by increasing the 
temperature of the system so that the electron acquires an additional k%T of energy via 
phonon absorption.
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Figure 2.1 Configurational coordination diagram. (Horizontal lines indicate the vibra­
tional modes within the potential wells.) (a) Photon absorption raises an electron to the 
first excited state, (b) Electron relaxes to the lowest vibrational mode of the excited 
energy, (c) Photon is emitted as the electron undergoes a radiative transition to the ground 
state.
2.3 Luminescence in semiconductors and insulators
A property of solid matter observed in doped semiconductors and insulators, but 
not in metals, is the characteristic emission of visible light. The electronic structure of 
metals are such that valence electrons can be thought of as a “gas” of electrons [Thomas 
1926; Fermi 1928]. In an electron gas, there is a continuum of energy states that can be 
reached without an electron undergoing a radiative transition. Interaction with photons 
from an external source results in either Compton scattering, seen as classical light reflec­
tion and an increase in temperature, or photoelectric effect, the emission of electrons from 
the surface. As with individual atoms, light emission occurs in solids from radiative transi­
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tions of electrons between discrete energy states. Discrete states exist in these types of sol­
ids because of the band structure of semiconductors, and the presence of impurities.
Absorption of electromagnetic radiation by a semiconductor creates a population 
of electrons in the conduction band, and corresponding holes in the valence band, pro­
vided the photon energies are greater than or equal to the band gap. Recombination across 
the forbidden energy region with the subsequent release of a photon, however, is an ineffi­
cient process. Impurities with energy levels in the band-gap, however, increase the proba­
bility of visible light emission. The statistics of electron-hole recombination in 
semiconductors has been laid out previously [Shockley and Read 1952] based on a model 
in which recombination is preceded by the trapping of charge carriers. In semiconductors, 
energy states in the band gap can trap either electrons or holes. Those states that lie above 
the Fermi energy are vacant of electrons, and therefore act as electron traps. States below 
the Fermi energy are filled with electrons and can accept a hole, making them hole traps.
Traps are defined by states lying within the energy gap of what would otherwise be 
a pure, perfect, semiconductor. These energy states, sometimes referred to as gap states, 
can be produced by imperfections or defects in the crystal lattice. Common defects that are 
point defects or vacancies (e.g. F-, H-, E-, and Vk- centers), and line defects or disloca­
tions. Examples of point defects are vacancies, a missing atom in the lattice, and an inter­
stitial, an additional atom located in the lattice in the area between lattice sites. Line 
defects are typically a row of ions either removed or displaced in the lattice. In either case, 
the regular ordering of the crystal lattice is altered, perturbing the electronic structure.
Gap states are also created by introducing impurities to the lattice. Impurities are 
atoms not found in a pure lattice that take up positions in the lattice. As with other lattice 
defects, the impurities generate local variations in the overall electronic structure of the 
pure crystal. With such variations, the conduction and thermal properties are altered.
There have been extensive studies on introducing, or “doping”, semiconductors with 
impurities [Mott and Gurney 1948], particularly for the purposes of manipulating their
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properties for solid state electronic applications.
The rate of recombination, and subsequent light emission, is governed by whether 
the electrons and holes recombine direcdy across the band gap at an impurity or defect, or 
by a delayed recombination due to trapping of charge carriers. As seen in Figure 2.2 (a), a 
direct band-to-band transition is represented by an electron at the ground level A excited 
to level B, followed by the de-excitation process back to A. In Figure 2.2 (b), however, the 
presence of an electron trap delays the band-to-band transition. The electron spends a 
finite amount of time with the trap at C before escaping back to level B. Luminescence 
observed at the macroscopic level is the result of a population of electrons undergoing 
radiative transitions from B to A.
In the case of direct band-to-band transitions in the absence of retrapping, the rate 
change of excited electrons, n, is given by
%  -  -A - (2.4)
where X is the probability of a transition from B to A. This process is dependent only on 
the population of electrons in the excited state, B. The intensity will therefore decrease 
exponentially,
no - = v T (2-5)
where x, the characteristic time, is the inverse of the transition probability X.
B
A
(a)
B
A
(b)
Figure 2.2 Band-to-band electronic transitions (a) direct and (b) indirect.
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Time dependence of the light emission for the second case is determined by both 
the amount of time electrons spend the trap at C, and by the probability that they may 
become trapped again before eventually returning to level A. The probability of escape, p, 
is calculated using the relation
Equation (2.6), known as the Arrhenius law, is defined in terms of the trap depth, E, and 
the attempt-to-escape frequency, s, where kg is Boltzmann’s constant. The prefactor s is 
interpreted as being the number of times an electron collides with the walls of the trap. 
Since the average time an electron spends in a trap is typically much longer than the radia­
tive lifetime, the escape process becomes the rate-determining step.
If the probability o f retrapping is small compared to the probability of recombina­
tion, the overall rate change of trapped electrons is again given by a linear, first-order dif­
ferential equation
% = - P n - (2-7)
Such a process is termed as being mono-molecular, or obeying^rsr-order kinetics, due to
the similarity to monomolecular chemical reactions. For this type of process, the observed
light intensity will again fall off exponentially with time, but with a characteristic lifetime
(x = 1 /p) that is strongly temperature dependent.
When the trapping rate is large compared to the recombination rate, however, a^ t
is no longer just proportional to the total number of electrons; it is also dependent on the 
number of holes in which the electrons can recombine. The rate equation, therefore, is 
now nonlinear and is given by
where p  is as defined previously. Such a process is termed ^/'-molecular, or following sec
(2.6)
(2 .8)
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ond-oxdsx kinetics. Solving for n and inserting back into (2.8), the corresponding light 
intensity falls off proportional to 1/t2, or more precisely
H t)  = ------------------------------------------------------(2.9)
(Pr+1)
The rate equations derived above describe the general processes by which elec­
trons undergo transitions in a simple two state system. In semiconductors, the description 
needs to be modified to include all of the charge carriers and the constituents of the solid. 
For the case of terbium-doped glasses, the terbium ions are added to act as recombination 
centers. When the electrons and holes recombine at a terbium ion, energy is released in the 
form of phonons. Terbium ions absorb the energy released, shifting them to an excited 
state, from which it relaxes back to the ground state, releasing a photon.
The recombination process can be modeled as three general cases: band-to-band, 
center-to-center, and band-to-center recombination. Figure 2.3 illustrates the basic steps in 
a band-to-band and band-to-center recombination processes. The energy level configura­
tion represents a semiconducting material doped with ions that possess energy levels lying 
in the band gap region. In this example, the energy states of the dopant lie below the Fermi 
energy, creating hole traps. Therefore, these impurities act as recombination centers for 
free electrons recombining with trapped holes. Lying just below the conduction band, 
there is also a population of N  metastable energy levels that can trap electrons. A model 
based on a system where recombination occurs between free holes and trapped electrons 
will yield the same mathematical forms.
Electrons can be radiatively excited from the valence band to the conduction band. 
After excitation, the electrons in the conduction band, nc relax back down to the ground 
state by recombining with a hole, n either non-radiatively, or at a recombination center. 
The release of energy at the recombination center may then excite the ion, which in turn 
radiately decays to the ground state.
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Figure 2.3 Stages of a luminescence process in a solid, (a) Excitation - creation of elec- 
tron-hole pairs, (b) Recombination at luminescent center, releasing a photon, (c) Non- 
radiative recombination, (d) Trapping (f) Thermal release of trapped electrons.
The time-evolutions for the populations of trapped electrons, conduction electrons, 
and holes are given by:
j t = k ( N  — n) nc — pn  (2.10)
^  = p n - k ( N - n ) n c - n cnhAr (2.11)
dH.
dt = -n cnhAr . (2.12)
The parameter k is the trapping rate per trap, Ar is the electron-hole recombination rate, 
and (N-n) is the number of available traps. These equations as they stand are analytically 
intractable and can only be solved exactly by numerical methods. Approximate solutions 
can be obtained by manipulations of the equations, and by making certain intuitive 
assumptions [Halperin and Braner I960]. Equation (2.10) can be rewritten solving for nc 
in terms of n,dn/dt:
" • ■ r e s b r t s H  ( 2 1 3 )
and then substituting into (2.12). Assume that once the radiation has been removed, the 
number of free electrons in the conduction band is much smaller than the number of
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trapped electrons (nc«  n), this would imply that n ~ n h. Solving then yields the non-lin­
ear, first-order differential equation
There are two limiting cases that arise from (2.14) that are of interest. In the case where 
the rate of re-trapping, k, is much smaller than the recombination rate, An then (2.14) 
reduces to
= -p n  (2.15)
which is just first-order kinetics as described in (2.7). This results when most of the 
trapped electrons immediately recombine with holes following release from the traps. The 
second limiting case is when there is significant re-trapping such that k > Ar . In the limit 
of kJAr -> 1, (2.14) becomes
^  = ZEIL (2 16)
dt N  ’ }
the form for second-order kinetics.
Different mechanisms are involved when the electrons are highly localized such 
that both the recombination and trapping processes can occur at the same site. This occurs 
when a metastable state exists at the luminescence center itself [McKeever 1985]. These 
transitions do not involve the conduction (or valence) bands, and are therefore termed cen- 
ter-to-center transitions. For this case, there would be no dependence on the number of 
traps N. Equations (2.10) - (2.12) would then become
(2.14)
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(2-17)
(2.19)
(2.18)
where ne is the number of electrons in the excited state from which radiative recombina­
tion occurs within a center. Note, however, that there also would no longer be a hole-con- 
centration dependence since both the trapping and luminescence processes occur at the 
same site. The term nhAr can be replaced by a constant, £, defined as the recombination 
probability. Using the same assumptions as before, this set of equations can be simplified 
to a single equation,
^  = J & L  (2 20)
dt k + C  U  J
Since k and C, are constants, (2.20) represents a linear first-order equation and hence, the 
luminescence would follow a simple exponential decay law.
A similar situation is when the trapping and recombination processes occur at dif­
ferent sites yet are still highly localized. Electrons are able to move via localized bands, 
though over short distances [Mott 1993]. The equations describing band-to-center transi­
tions take on the same form as (2.17) - (2.19), with an approximate solution similar to
(2.14) but without the dependence on the trap population, N,
Again, the magnitude of k with respect to Ar is important for determining the time-evolu- 
tion of the luminescence. The two special cases described above apply to (2.21) as well, 
reducing to equations (2.7) and (2.8).
dn
dt (2 .21)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
In all three cases above, the rate-limiting step is the escape of electrons from either 
traps in the host material, or metastable states within the recombination center. The Arrhe­
nius relation (2.6) indicates that the probability of escape decreases dramatically with 
decreasing temperature. It is possible, therefore, to create a population of electrons that are 
“frozen” in their traps for long periods of time by lowering the temperature of the solid. At 
some later time, the solid can be heated, providing energy that can be absorbed by the 
trapped electrons. The probability of escapes therefore increases. Recombination occurs, 
manifesting itself as thermoluminescence.
2.4 Thermoluminescence
The phenomenon of thermoluminescence is the emission of light resulting from 
the depopulation of trapped charge states in a insulator or semiconductor as it is being 
heated. The process begins with the material being excited by some form of radiation. The 
radiative energy absorbed by the material excites electrons to higher energy states, some 
of which are metastable. Upon removal of radiation, the electrons in the metastable states 
are trapped and are unable to recombine with a hole. Heating the material imparts energy 
to the trapped electrons, enabling them to release from the traps. After escaping the traps, 
the electrons recombine with a hole, giving rise to luminescence. Once all of the traps 
have been depleted, however, the luminescence can no longer be thermally stimulated.
The trapping and subsequent release of electrons in a scintillating material delays the 
recombination process between electrons and holes, resulting in luminescence that persists 
long after the fluorescence ceases.
Randall and Wilkins (1945) developed a model for temperature-dependent lumi­
nescence displaying first-order kinetics. The model assumes that a released electron 
immediately recombines with a hole. For the Randall and Wilkins model, the temporal 
behavior of the phosphorescence light intensity, I(t), is directly proportional to the rate
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change in trapped charge carriers, n:
(2.22)
where c is a constant of proportionality and x is the mean lifetime of the charge carrier in 
the trap. For a given temperature, the probability, p, that a charge carrier will thermally 
release from a trap of a given depth, E, is given by the Arrhenius relation (2.7). The mean 
lifetime, therefore, is the inverse of this relation, or 1/p. Using (2.7), (2.22) can be rewrit­
ten as
equation (2.23) can be solved to yield the intensity as a function of temperature:
Here, tig is the initial population density of trapped charges.
Garlick & Gibson (1948) later derived a model for second-order processes. A sec­
ond-order process differs from a first-order process in that a thermalized electron releases 
from a trapping center and may become caught at another site before eventually recombin­
ing with a hole. In this case, the rate change in the trapped charge carrier population, n, is 
proportional to the square of this quantity, n2. The luminescence, therefore, is given by
(2.23)
If the material is heated at a constant, linear rate such that
T = Tq + a t (2.24)
I (T) = c n 0 -s-  e x p ( - ^ )  • exp • £  e x p ( - ^ ) d r ]  (2.25)
(2.26)
Using (2.24) and solving in terms of temperature, (2.26) becomes
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-2
(2.27)
These equations are applicable for systems with first- or second-order kinetics. As previ­
ously stated first- and second-order kinetics are the limiting cases for the system of differ­
ential equations representing the luminescence. May and Partridge postulate that an 
approximate representation of the luminescence can be represented by a kinetics of arbi­
trary order. They define “general”- order kinetics, characterized by a parameter b, where 
the rate change in n is proportional to nb, with b ranging from 1 to 2. The glow curve 
intensity as a function of temperature takes the form
For a single trap energy the shape of a measured glow curve indicates the order of 
kinetics for the thermal release mechanisms of a particular solid. In the figure below, (Fig­
ure 2.4) the glow curves for two solids that each have a single trap with identical values 
for rig, s, and E, are plotted for comparison. The intensity as a function of temperature 
before the peak in intensity, or the initial rise region, increases for both exponentially with
At temperatures above the peak intensity the differences in kinetic processes become evi­
dent. For second-order kinetics, the probability of the electron becoming retrapped before 
finally recombining with a hole is large. Therefore, there is a more gradual decay of the 
glow curve compared to first-order kinetics, where the recombination occurs immediately 
for released electrons.
I  (T ) = c • nQ • s • exp
rT k„T 
■ e dT  + 1 . (2.28)
(2.29)
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Figure 2.4 First- and second-order kinetics, (a) First-order kinetics produces a greater 
peak intensity as a higher percentage of the trapped electrons release and then recombine 
with holes, (b) Normalizing both of the plots emphasizes the differences in the character­
istic shapes of the glow curves.
In the models described above, the assumption is made that there is only one kind 
of trap present with a depth of E. In general, however, this is not the case. When a distribu­
tion of traps exist, the equations representing such distributions are much more complex as 
will be presented in section 2.5.
2.5 Luminescence and trap distributions
The proceeding section presented expressions for the glow curves for materials 
with a single trap energy. These models are also appropriate for analyzing materials with 
discrete trap energies with large energy separations. This is an unrealistic model for 
describing the luminescence in silicate glasses due to the amorphous structure of glass. 
The absence of exact short-range order results in a quasi-continuous distribution of trap 
energies for a given trap species (i.e. vacancy, interstitial, etc.) Even when the trap depths 
differ by as much as ten percent, determining the discrete values is nearly impossible. A 
model which more accurately represents the luminescence must incorporate the trap distri­
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
bution. In such a case, the array of traps is accurately represented by a continuous distribu­
tion function. Assuming some continuous distribution of trap energies D(E), equation 
(2.25) can be rewritten as follows:
r
I  (T) = c - J D ( E ) s •e • exp
k„T
d r dE. (2.30)
A general relation for second-order kinetics cannot be obtained due to the fact that the 
population of trapped electrons in a particular type of trap are not independent from traps 
of differing activation energies.
The exact form of the distribution function is difficult to determine, however, three 
basic forms [Roberts et al„ (1980)] accurately represent most cases. The simplest form is 
to assume a linear distribution of traps with energies between EA and Eg.
( E - E A)
D ( £ )  (2 -3 D
where nt is total number of trapped electrons. The location of the trap states is useful for 
determining the functional form of the distribution function. For traps located on or near 
the mobility edge, the distribution of traps can be approximated by an exponential func­
tion
(E - E cy
D  (E) = nA • exp
V c J
(2.32)
where Tc is the characteristic temperature of the distribution. If the traps are due to highly 
localized states arising from impurities in the gap region of the material [Mott & Davis 
1979], the distribution can be approximated by a Gaussian distribution
D (E )  = ^ e x p ^ ^ ) 2] (2.33)
where p. is the mean energy of the distribution and a  is a constant related to the spread of
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Figure 2.5 Examples of glow curves resulting from (a) exponential and (b) gaussian
distribution of traps. The energy range and ^-values are the same in both cases.
the energies.
As a result of having a distribution of trap depths, the thermoluminescent glow curve is a 
superposition of several single-trap glow curves. One could still infer from such curves the 
order of kinetics by the shape of the curves for first-order kinetics. Figure 2.5 illustrates 
this point for the two types of distributions given above.
Theoretical and experimental investigations have been made on various forms of 
trap distributions. Randall and Wilkins (1945) investigated the special case of a continu­
ous linear distribution of traps, examining how it would effect first-order phosphorescence 
decay. Using a distribution function D(E) with the form
nQ, E x < E < E 2 
0, E < Ev E> E2
and integrating (2.23) they found that the isothermal phosphorescence decay would fall 
off with a 1/t dependence for large values of t:
D(E)  = (2.34)
/ ( 0 »
n0 V (2.35)
The effect of an exponential distribution was also investigated by Randall and 
Wilkins (1945), and later by Hagekyriakou and Fleming (1982), for first-order kinetics.
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An exact solution for all times has not been found, but both groups found that the same 
limiting behavior:
—(akaT + 1)
/ ( 0 ~ r  (2.36]
where the functional form of the distribution is given as A • exp ( - a £ )  . Both authors 
conclude that the long term phosphorescence for materials with a distribution of traps 
should show little change with temperature, despite the sensitivity of the individual traps 
to temperature.
There apparently has been no mathematical solution describing the effect of trap 
distributions on second-order kinetics. An exact solution can be obtained for the case of a 
uniform distribution, as given in (2.34):
with the assumption that electrons fall back into the same type of trap. It is proposed that
luminescence center may have small variations in activation energies locally, while differ­
ing greatly over the entire material. The movement of electrons are restricted by the disor­
der in the material such that the trapping statistics would reduce to equation (2.37).
Making the substitution u = expC-E/kgT), the integral of (2.37) is transformed to:
(2.37)
such conditions could exist in an amorphous material. Trapping states within vicinity of a
(2.38)
where Uj = exp(-Ej/kBT), and u2 = exp(~E2/kBT). Equation (2.38) is of the form
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Therefore, the isothermal luminescence decay for a material with a linear distribution of 
traps that exhibits second-order kinetics is given by
H O
i
s- n - t -  exp + 1 s-  n - t -  exp k T ICB1
+ 1
(2.39)
The long time limit for the isothermal decay still yields a 1/t2 dependence. For
1>>(exp(*ff))/(n'1)-
no=c
Vs
-  expf V
I v J
(2.40)
It is interesting to note that such a result should be expected regardless of the form of the 
distribution function, D(E). Substituting a generic function, D(E) into (2.37), the long term 
behavior falls out for t » ^ e x p ^ ^ ^ ^ J /  (D (E) ■ s ) :
, ( 0 ( F ) ) 2e x p ( - ^ )
|rf> (£•)
(2.41)
E 2 1
( E ^c i -exp
I v J
-  exp kRT V B
(2.42)
In principle, the upper limit of activation energies to the trap distribution can be obtained 
if the lower limit is assumed to be zero or approximately zero.
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Chapter 3 
Material Studied and Experimental Apparatus
3.1 Procedural Overview
Experimental work for this dissertation was performed in a series of experiments 
to characterize the processes involved with the radiation-induced luminescence in the ter­
bium-doped glasses studied. The first phase of the research was the characterization of the 
glasses' optical absorption and emission properties. Absorption and emission spectra of 
the glass samples were measured to identify individual energy states, and then assign 
those states to either the host material or trivalent terbium (Tb3+). Fluorescence lifetime 
measurements of the states with radiative transitions following laser-induced excitation 
were performed. Different wavelength excitations enabled measurements for excitation 
photons with energies greater than and less than the absorption edge of the host material.
Further characterization of the luminescence response of the materials were per­
formed following x-ray excitation. Two types of measurements were performed for x-ray 
induced luminescence in the glass samples. The first measurement characterized the phos­
phorescence component of the radiation-induced luminescence. The second method char­
acterized the rapid decay process and initial behavior of the phosphorescence decay. Time- 
evolution of the radiation-induced luminescence was then measured for different condi­
tions of x-ray flux, dose, and temperature. Variations in the temporal response with sample 
temperature suggested performing thermoluminescence measurements. And finally, the 
conductivity of the glasses was measured under differing radiation conditions.
28
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3.2 Terbium-doped Luminescent Glasses
Two commercially available radioluminescent glasses were obtained for this 
study, both of which are manufactured by Collimated Holes, Inc. Each is a silicate-based 
glass doped with oxides of mostly heavy elements to give the glasses a higher x-ray atten­
uation. The doping o f terbium oxide (TbiC^) introduces the material with trivalent ter­
bium (Tb3+) as impurity ions. The terbium ions act as luminescence centers in the glasses.
To distinguish between the two glasses, they will be referred to in the following 
manner: the first glass is based on an Owens-Coming patent [Reade, (1972)] and will be 
designated CHI; the second glass is based on a formula patented by Lockheed Missiles 
and Space Co.[Bueno & Barker] and is designated as LKH-6. Table 3.1 lists the general 
properties of each glass given by the manufacturer.
LKH-6 CHI
Density 3.45 g/cm3 3.1 g/cm3
Emission
Peak
550 nm 550 nm
Effective Z 30 24
Dimensions 1 cm3 1cm3
Table 3.1 General properties of the glass samples
The major constituents of the CHI samples, given in weight percent, are as follows: Si02 
(55.8%), SrO (20.8%), Na20  (2.8%), Li20  (1.3%), C^O (12.3%), A120 3 (1.5%), and 
Tb20 3 (5.4%). The exact formula for LKH-6 is proprietary knowledge. From EDAXS 
data it is known that LKH-6 contains Si, Al, K, Ba, Gd, Tb, and O.
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3.3 Apparatus for measuring optical properties
The optical absorption was measured to enable identification of the electronic 
states in glass and assigning the states to either terbium or the host. Excited states of the 
glass can be determined by comparing the intensity of light transmitted through the glass 
with an unattenuated reference beam. The attenuation follows the same Beer-Lambert law 
introduced in Chapter 1
I  = IQ • exp ( - a  • L)
where a  is the absorption coefficient and L  is the path length through the sample.
Room temperature absorption measurements were made using a Perkin-Elmer 
Lambda 9 Spectrophotometer. Low temperature absorption measurements were made 
using closed cycle cold finger optical chamber and a Cary 5 Spectrophotometer. Both 
devices operated using the same basic method described above.
Light emission following excitation result from the energy states that undergo radi­
ative transitions. Comparing the emission spectral lines with known lines for isolated con­
stituents of the glass identifies the energy states of a particular ion. A block diagram of the 
emission spectra set-up is given in Figure 3.1
A tunable Argon-ion laser is used to pump the glass sample in the visible wave­
length region. Light emitted from the glass is collected at 90° to the laser beam, reflected 
into a collecting lens, through a beam chopper, and into a SPEX model 1269 monochro­
mator. The monochromator scans across a selected region of visible light wavelengths and 
sequentially transmits light of each wavelength to a GaAsP detector. The output of the 
detector is input into a lock-in amplifier and the amplitude of the signal is recorded by a 
computer. A broad spectrum deuterium lamp with emission lines far into the ultraviolet 
region of the spectrum was used to probe the higher energy states.
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Figure 3.1 Emission spectroscopy set-up.
3.4 LASER-induced luminescence lifetime measurements
Measurements of the luminescence lifetime following excitation from visible radi­
ation are used to determine the characteristics of the radiative transitions of Tb3+. A 
block diagram of the system used to measure laser-induced luminescence lifetimes is 
given in Figure 3.2. To probe the regions above and below the absorption edge of the 
glass, lasers emitting light at different characteristic wavelengths were used to induce 
luminescence. The method for recording the time dependence of the luminescence is the 
same in each case.
Laser light is focused onto the sample using a lens or set of lenses. Light emitted 
from the sample is received by a GaAsP detector situated 90° to the laser beam. This ori­
entation minimizes the amount of scattered laser light that strikes the detector. An optical 
interference bandpass filter is placed in front of the detector to isolate the wavelength 
region of peak emission. The data are recorded by a DP6000 digital oscilloscope, then
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Figure 3.2 Luminescence lifetime measurement set-up. 
transferred to a Macintosh SE computer for analysis.
3.5 X-ray attenuation
The x-ray attenuation length in each type of glass is determined by applying the 
same principles used in measuring optical attenuation. Thus by performing a CAT scan of 
each sample and analyzing the reconstructed data. A sample is placed on the turntable of 
the x-ray tomography system. Projections of the samples are take at 1° intervals. The data 
from this scan are then reconstructed into an image, which would be proportional to the 
linear mass attenuation coefficient for the sample, if the x-ray source were monochro­
matic.
For a multi-energy x-ray source, the reconstruction contains artifacts due to the 
energy dependence of the x-ray absorption. An improved attenuation coefficient can be 
obtained by measuring the linear attenuation coefficient from the region of the specimen 
where the attenuation can be approximated by the average of all the linear mass attenua­
tion coefficients weighted by the intensity of the x-ray at a given energy. Accurate mea­
surement of the attenuation coefficient requires an accurate measurement of the samples
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Figure 3.3 X-ray linear attenuation measurement technique. CT scan is made of each 
sample. Raw data from each view produces attenuation data. Data is reconstructed into 
an image where the object’s density, wty, is normalized to one. The image is ray-traced on 
a computer to yield the path lengths taken by x-rays from the source to the detector. The 
ray is divided into segments of equal length, Aj.
physical dimensions. This can be obtained from the reconstructed image by “threshold­
ing” the image. All the values above the threshold value are set to one and all of the values 
below the threshold are set to zero. For this case the threshold is set to the average value of 
the sample portion of the reconstructed image. A line integral along the projection path 
through the image gives the thickness of the sample traversed by the x-ray. Dividing the 
length of the traversed path into the log of the measured normalized x-ray signal gives the 
linear mass attenuation coefficient for the sample.
3.6 X-ray-induced Luminescence Lifetime
The experimental set-up for investigating the long-term fluorescence is illustrated 
in Figure 3.4. Exposure from a continuous x-ray source is controlled by a tungsten shutter 
attached to a stepper motor. The stepper motor is controlled by a Macintosh II computer
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Figure 3.4 Phosphorescence experiment. X-ray stimulated luminescence is recorded on 
an oscilloscope before, during, and after irradiation of the sample.
that varies the duration of exposure and synchronizes the motor with the operation of a 
LeCroy 9400 digital oscilloscope. A sample is attached to a photodiode detector with 
opaque tape to both attach the sample and to prevent external light from reaching the 
detector. The detector is a Hamamatsu S1133-02 photodiode, with a peak sensitivity in the 
green wavelength region (~540 nm). The measured rise-time of the detector is 0.5 milli­
seconds. Output signals from the detector are amplified by a Princeton Applied Research 
113 low noise amplifier and then recorded by the digital oscilloscope.
The previously described set-up is an ideal system for characterization of the long 
term response.However, to analyze the initial behavior of the luminescence decay, the fall 
time of the end of the x-ray pulse must be much shorter than the lifetime of the decay. This 
analysis cannot be done with the experimental set-up described above since it is not possi­
ble to close the shutter fast enough.
The configuration for measuring the initial time response of the luminescence fol-
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lowing an x-ray pulse with a short fall time is illustrated in Figure 3.5. A lead sheet with a 
small opening is placed oyer a rastering x-ray source. (The x-ray source is part of a 
reverse-geometry radiography machine called DIGIRAY.) A tungsten slit with variable 
width is placed over the opening to vary the duration o f x-ray exposure. When the electron 
beam passes underneath the slit, the glass sample is exposed to x-rays. A sample is cou­
pled to the previously described photodiode detector. The output signal is recorded as 
described above.
X-ray dose is controlled by adjusting the source settings and the samples position 
with respect to the source. The energy spectrum o f the x-rays is varied by adjusting the 
acceleration voltage of the x-ray tube. The x-ray flux is controlled in two ways: varying 
the electron beam current in the x-ray tube, and moving the sample and detector with 
respect to the source. A variable stage adjusted the distance between the source and sam­
ple.
A special light-tight, thermally insulated chamber was constructed to measure the
Personal Computer
Glass Sample Coupled 
to Photodiode Detector
Tungsten Slit ^
,\\W1 UfA
.-jV 0 0 0 0 
0 0 0
■ f
_ . Digital Oscilloscope 'c
Pre-Amp A   , 1 i i
Uirirmmimrimmf
Lead Sheet 
With Hole
Target
Rastering Electron Beam
Figure 3.5 Pulsed x-ray excitation. Two tungsten cylinders form a slit to limit the dura­
tion of the sample’s exposure to x-rays.
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temperature dependence of the luminescence decay. Figure 3.6 shows a diagram of this 
assembly. A sample is placed inside the chamber with a thermocouple attached to monitor 
the temperature. The chamber is then filled with liquid nitrogen until thermal equilibrium 
is reached between the sample and the liquid nitrogen bath as indicated by the cessation of 
rapid boiling. All of the liquid nitrogen evaporates in approximately 20 minutes. After­
wards, the sample warms to room temperature in approximately 30 minutes.
The photodiode detector is placed over an opening directly above the sample. An 
o-ring seal around the detector opening prevents external light from entering the chamber. 
The four legs are adjusted to level the chamber/detector assembly on an uneven surface. 
Data acquisition with this configuration is the same as previously described for room tem­
perature measurements.
Photodiode Detector
VCC
mm
O-ring Seal 
and View Window
Liquid Nitrogen
Thermocouple
Insulation Sample
BNC Output
- (To Voltmeter)
Light-tight Cold Chamber
Figure 3.6 Low temperature luminescence experimental set-up. The sample sits in an in­
sulated chamber, immersed in a bath of liquid nitrogen. The photodiode detector is placed 
directly above the opening of the chamber.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
37
3.7 Thermoluminescence Measurements
An experimental thermoluminescence apparatus was fabricated to measure the 
temperature glow curves for each sample. A sample is irradiated by x-rays for a set period 
of time with a given x-ray energy spectrum and flux. During exposure, the sample is sit­
ting in a liquid nitrogen bath. The sample is then transferred to the thermoluminescence 
set-up illustrated in Figure 3.7.
The basic components of the cryogenic chamber are a cylindrical piece of steel with 
dimensions 7.5 cm in diameter and 9.0 cm in height The cylinder is placed inside of a 
modified Nalgene Labware laboratory dewar. A steel cylinder was chosen to ensure that 
the samples rest on top of a stable thermal mass. This slows the temperature rise during the 
measurement and improves the temperature resolution of the system. The steel is then 
cooled to 77 K by immersing it in a bath of liquid nitrogen. The sample is then placed onto 
the steel, abutted to a specially fabricated gold-vanadium coated lightguide and is attached 
to an alumnel-chromel thermocouple to monitor the temperature. The reference voltage 
for the thermocouple is generated by an Omega cold junction. Voltages are recorded by an 
HP 3478A multimeter. Light from the lightguide is modulated by a Laser Precision Corpo­
ration CTX-534 radiation chopper before striking a Hamamatsu S1133-02 photodiode 
detector. Nitrogen gas is used to purge the inside of the dewar of any moist air that might 
frost or fog over the light guide. The flow of nitrogen gas is controlled by a Model 200 
Teledyne-Hastings digital flow control meter.The detector output is amplified and then 
recorded by a LeCroy 9400 digital oscilloscope. To avoid interference from the chopper’s 
trigger signal, an HP 3328A two-channel synthesizer is used to drive the chopper and trig­
ger the oscilloscope at different frequencies.
The average time for the samples to warm from 77 Kelvin to room temperature is 
approximately 16 hours. Because of this long time period, the data acquisition was auto­
mated using a Macintosh It computer. During each sampling period, the thermocouple 
current, time elapsed since the beginning of the experiment, and an averaged digitized sig­
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nal from the oscilloscope is recorded by the computer. Each recorded signal is the average 
output for a 5 minute sampling period. Thermocouple voltage is automatically converted 
into a temperature and stored with the time elapsed in a separate file. This data is used to 
determine the sample heating rate.
The raw data for this experiment is a modulated signal with a frequency equal to 
that of the beam chopper, which was set at 1.2 kHz. Each set is averaged 100 times over 
the three minute sampling interval. After completion of the experiment, the data was pro­
cessed and analyzed by taking the Fourier Transform of each set and plotting the absolute 
amplitude of the signal frequency versus the average temperature at that time. The ampli­
tude of the frequency component due to the sample glow is proportional to the intensity of 
light received by the detector. Therefore, the resulting plot shows the change in intensity 
with temperature.
Synthesizer Oscilloscope
Photodiode
Detector
▼
Figure 3.7 Thermoluminescence experimental set-up.
Computer
Beam Chopper
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3.8 Radiation-induced conductivity measurements
To investigate the bulk conduction properties of the glasses, thin plate samples are 
desired. A thin slab from each glass type was cut and polished and the dimensions of each 
slab was measured prior to mounting each them on individual aluminum oxide boards. 
The dimensions are given in Table 3.2. Four gold contacts are deposited on each slab, as 
illustrated in Figure 3.8(a). Wire leads are then attached to the boards at points a,b,c and 
d. Current measurements are made across the a-c and b-d junctions.
A block diagram of the experimental set-up is given in Figure 3.8(b). As with the 
luminescence time-evolution studies, the rastering x-ray source of the DIGIRAY was used 
to pulse the sample. Changes in the conductivity were measured under varying conditions 
of x-ray intensity and magnitude of the applied electric field. For the DC conductivity 
measurements, a bias field was applied across the leads by an HP 6327B DC power sup­
ply. A square wave from an HP 3314A function generator was used for the AC conduc­
tivity measurements. Changes in the induced current are monitored by either an HP 3478 
Ammeter or the LeCroy 9400 oscilloscope.
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I
ebhbd100 kHz
Sample
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(a) (b)
Figure 3.8 Radiation-induced conductivity experiment, (a) Configuration for the con­
ductivity sample mount, (b) X-ray induced conductivity experimental set-up.
Sample Length(cm)
Width
(cm)
Thickness
(cm)
CHI 0.975 0.483 0.117
LKH-6 1.001 0.483 0.119
Table 3.2 Thin plate glass sample dimensions.
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Chapter 4 
Experimental Results
4.1 Absorption spectra
The absorption spectra of the two glass types are shown in Figure 4.1 and Figure 
4.2. In both spectra, transitions from the ground state of trivalent terbium (Tb3+), 7F6, to 
the excited states are clearly discernible in the visible wavelength region: 400 to 700 
nanometers. These peaks in the absorption spectrum were compared with those predicted 
from an energy-level diagram for an isolated terbium ion and with literature [Yubai et al 
1988; Reisfeld et al 1972] in order to identify the excited states of Tb3+. Towards the ultra­
violet region of the spectrum the terbium states become mixed with the band states of the 
host glass and therefore, were difficult to resolve.
Deep ultraviolet absorption sets in for both glasses for wavelengths near 300 
nanometers. At wavelengths shorter than this, the glasses are nearly opaque. Because of 
this deep absorption, the transition from the 4f to the 5d shell (250 nm), which is allowed 
under Laporte selection rules, was not resolvable. A comparison between the two spectra 
indicates that total ultraviolet absorption occurs at longer wavelengths in the LKH-6 glass; 
noting from Figure 4.2 that this occurs at approximately 375 nanometers.
The absorption spectra of a fiber-array sample of CHI glass was taken at various 
temperatures from 4 to 300 K. As can be seen in Figure 4.3, the absorption coefficient is 
lower at lower glass temperature, though the spectral lines assigned to the Tb3+ energy 
levels remained in the same position. This is not surprising since 4f orbitals are well
41
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shielded from their environment and are expected to be insensitive to temperature 
changes. The narrowing of the peaks and the reduction in the baseline absorption with 
lowered temperature is interpreted as being due to thermal dampening of the vibrational 
modes of the glass atoms, including the terbium ions.
0.9
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Figure 4.1 Visible absorption spectrum - CHI glass. Displayed are the 4f excitations from 
the ground state of trivalent terbium.
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Figure 4.2 Absorption spectrum - LKH-6 glass. In this case, deep absorption occurs at 
longer wavelengths such that the excited states above ■’Gs are no longer visible.
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Figure 4.3 Absorption spectra at room and low temperature - CHI glass.
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4.2 Emission spectra
As expected from theory [Judd 1962; Ofelt 1962] and previous work [Hoaksey et 
al 1978], the emission spectra of each glass only showed transitions that are attributable to 
trivalent terbium. An Argon-ion laser tuned to 477 nanometers was used to probe the tran­
sitions from the 5D4 state to the 7F j  manifolds. As can be seen in Figure 4.4 and Figure 
4.5, the strongest emission in each glass is due to the 5D4 - 7F5 transition (550 nm). To 
probe the transitions from the higher 5D 3 level to the 7F j levels, a broad spectrum deute­
rium lamp (200-700 nm) was used. The 5D3 - 7F j transitions were weaker in comparison
c *7
to the D4 - F j  transitions. Emissions from this state are barely discernible above the 
noise level of the detector. The 5D3 - 7F j  lines were not observed in the LKH-6 glass. 
Weakened 5D3 emission in the CHI glass and absence in the LKH-6 glass is attributed to 
non-radiative transitions from 5D3 to 3D4. Emission spectra for this energy level is shown 
in Figure 4.6.
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Figure 4.4 Emission spectrum - CHI glass. All emission lines are due to transitions from 
5D4 state to the 7F j  manifolds to Tb3+.
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Figure 4.5 Emission spectrum - LKH-6 glass. 5D4 - 7F j transitions of Tb3+.
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Figure 4.6 5D3 - 7F j  transitions of Tb3+. CHI sample.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
46
4.3 Luminescence decay following laser-excitation
An improved understanding of the of the afterglow in terbium-doped glasses 
necessitates identifying its source. Ail of the significant emissions, both the prompt decay 
and the afterglow, are due to the excited states of trivalent terbium. A possible source of 
the delayed emission may be a result of either the existence of metastable states in ter­
bium, or indirect secondary excitation from the host glass. The absorption data shows an 
ultraviolet absorption edge near 300 nm in both types of glasses. This indicates an absorp­
tion due to either the allowed broadband 4f-5d transition of Tb3+ (-250 nm), or the mobil­
ity edge of the host glass. To determine the source of the delayed emission, the time 
dependence of the luminescence was measured following narrow band excitation wave­
lengths above and below the 300 nm threshold. Photographs of the following experiments 
are found in Appendix D.
An Argon-ion laser tuned to the 488 nm line was used to directly excite terbium 
ions in the glasses. This wavelength was chosen to correspond with the 5D4 energy level, 
the excited state from which the significant radiative transitions occur. In addition, it is 
also is far below the ultraviolet absorption edge of the host glass. No secondary excitants 
could therefore be created. The measured temporal responses to a finite-duration excita­
tion are shown in Figure 4.7 and Figure 4.8.
Figures 4.7 (a) and 4.8 (a) show the normalized response to a pulse of laser light. 
Ln(I/Io) vs. time plots of the data (4.7 (b) and 4.8 (b)) yield straight lines in the time inter­
val following end of the excitation pulse. This is representative of an exponential decay. 
The exponential decay extends into the noise level of the detector and hence there is no 
detectable afterglow. Fits of the decay region were made with pure exponential functions 
of the form
where a is the measured offset from the true baseline and r  is the characteristic lifetime.
(4.1)
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The estimated lifetimes are given in Table 4.1.
Sample X error
CHI 3.68 ms +.01 ms
LKH-6 3.71 ms ±.01 ms
Table 4.1 Estimated luminescence lifetimes following 488 nm excitation.
The estimated lifetimes are typical of literature values for the 5D4 state of terbium, which 
range from 3 to 10 milliseconds.
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Figure 4.7 Temporal response of CHI glass to 488 nm excitation pulse, (a) Normalized 
luminescence (b) Natural log plot with expanded time scale.
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Figure 4.8 Temporal response of LKH-6 glass to 488 nm excitation pulse, (a) Normalized 
luminescence, (b) Natural log plot with expanded time scale.
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Next, the temporal response of each glass was studied for an excitation at energies 
above the uv absorption edge. A neodydium - YAG (yttrium-aluminum-gamet) laser was 
used to excite the glass states above the absorption edge. The Nd: YAG laser has a charac­
teristic emission line of 1064 nm. A frequency quadrupler shifts the laser emission to 266 
nm. Results of these measurements are given in Figure 4.9 and Figure 4.10.
The temporal response to the 266 nm excitation is significantly different than the 
response to the 488 nm excitation. The initial response remains exponential. However, 
after approximately 20 milliseconds, the functional dependence of the luminescence 
changes. A log-linear plot of the data indicates this is not another exponential decay. A 
phenomenological analysis of the long term luminescence indicate its time dependence is 
well represented by a function proportional to l/t2. Chapter 2 noted that for simple config- 
urations phosphorescence has either an exponential or a 1 / (P • r + 1) “ time dependence. 
Fitting the data indicates that the time response is adequately described by the functional 
form
f { t )  = a + b-  e x p f-O -i-  ------   (4.2)
 ^ x)  ( P - / + 1 ) 2
where the estimation parameters are a, b, c, r, and/3. Comparison of the fits for the Ar-ion 
laser excitation and the YAG laser excitation cases indicate that the l/t2 term is a small 
perturbation on the dominant exponential decay. Estimation parameters as determined 
from the fits are given in Table 4.2.
Sample b x (ms) c P (s'1)
CHI 1.01 ±0.01 3.95 ±0.01 0.06 ±0.01 108.± 14.
LKH-6 1.07 ±0.01 3.72 ±0.01 0.06 ±0.01 101. ±20.
Table 4.2 Estimation parameters from fits of the response to 266 nm excitation.
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The appearance of a secondary decay following 266 nm excitation, while being 
absent at longer excitation wavelengths, does not delineate the mechanism responsible for 
afterglow. This does, however, indicate that a metastable state of terbium is not the respon­
sible mechanism. The existence of a second metastable state of terbium would result in a 
bi-exponential decay. However, the functional form of the secondary decay is not expo­
nential. This was verified by the unsuccessful attempt to fit the entire decay to a bi-expo­
nential fitting function. The estimation parameter for the lifetime of the second 
exponential converged to negative values. The l/t2 functional dependence suggests that 
there are other processes involved. Measurements for higher energy excitations reported 
in the next sections will be shown to have the same functional form.
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Figure 4.9 Temporal response 266 nm excitation - CHI glass.
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Figure 4.10
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Temporal response to 266 nm excitation - LKH-6 glass.
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4.4 X-ray excitation case
In the previous section, the response to incident radiation below or near the band 
gap of the host material was presented. In this section, the energies of the incident photons 
are much greater than the band gap, enabling both direct and indirect excitation of the 
Tb3+ ions. The x-ray energies used in the following experiments ranged from 50 - 180 
keV, with their attenuation resulting from photoelectric absorption and Compton scatter­
ing. Plots of the attenuation of x-rays in each sample over the energy range of 50-180 keV 
are shown in Appendix C.
The emphasis of this study is the temporal response of the glasses to an impulse of 
radiation. Of particular interest is the duration of luminescence following the end of exci­
tation, therefore measurements were initially performed on the long term component of 
the luminescence decay. Experiments similar in concept to those performed for the optical 
excitation case were carried out to characterize the early part of the luminescence decay 
following x-ray excitation. Analysis of this data, in conjunction with the uv-excitation 
data, indicates that the mechanisms responsible for afterglow may be temperature depen­
dant. Time evolution studies at different temperatures and thermoluminescence measure­
ments were made in order to determine the nature of this mechanism.
4.5 Luminescence decay
The luminescence response to an excitation by photons with energies slightly 
above the absorption edge of the specimens shows two distinct decay regions. It is reason­
able, therefore, to expect similar behavior when the glasses are excited by x-rays with 
energies ranging between 10 to 180 keV. An improved characterization of the two regions 
is obtained by performing short duration measurements (t < 30 milliseconds) to character­
ize the initial exponential decay, and long duration measurements (order of seconds) to 
characterize the residual luminescence.
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Phosphorescence measurements
The apparatus for these measurements is described in section 3.6 of Chapter 3. 
Each sample was coupled to the detector and placed a distance of approximately 9.0 centi­
meters from the shutter. The time evolution of the luminescence was recorded following 
varying exposure times to x-rays: 0.2 s, 0.5 s, 1.0 s, 1.5 s, 2.0 s, 2.5 s, and 3.0 s. Source 
conditions were as follows: 180 kV acceleration voltage, and 0.20 milliampere target cur­
rent. The dose rate was measured at 500 mR/hr through 3 mm of lead by an Eberline 
RM21-4 alarm/meter.
Analysis of the data revealed little if any change in the behavior of the lumines­
cence decay following different durations of excitation. For all measurement conditions, 
the light intensity decreased to less than 1 percent of peak intensity in approximately 200 
milliseconds following the end of excitation. Natural log plots of the time evolutions, Fig­
ure 4.11 (a) and Figure 4.13 (a), show that after 1.6 seconds, there is still significant lumi­
nescence. By expanding the y-scale of each plot, Figure 4.11 (b) and Figure 4.13 (b), it 
becomes evident that the x-ray induced luminescence is not exponentially decreasing. 
Plotting the same data on a log-log scale indicates the functional dependence of the lumi­
nescence. Referring to Figure 4.12 and Figure 4.14, the log I vs. log t plots clearly show 
that the luminescence falls off linearly with a negative slope on a logarithmic time scale. It 
can be inferred from this that the luminescence decreases with a t'x decay law. This is con­
sistent with the expected form for temperature-dependent phosphorescence of the form
HO = ----   • (4.3)
( P r + l ) x
For Pt much larger than 1, the decay would appear to decrease with the observed t‘x law, 
where x ranges from 1 to 2. Comparing plots of the normalized data versus l/t (Figure 
4.12 (b) and Figure 4.14 (b)) and l/t2 (Figure 4.15) revealed that the exponent is approxi­
mately equal to one. The inverse of the slope yields the value for p. Values for P are given
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in Table 4.3
Sample P (s'1) Error (s '1)
CHI 734 ±3
LKH-6 955 ± 3
Table 4.3 Fitting parameters for (4.3).
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(b) Ln(I/Io) vs. Time - with expanded log scale.
Figure 4.11 CHI glass - (a) Natural log plot reveals that the luminescence is still signif­
icant after 1.6 seconds, (b) Expanded log scale reveals a non-linear response.
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(a) Log-log plot of the x-ray induced luminescence.
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Figure 4.12 X-ray induced luminescence log-log plots - CHI glass. The linear region seen 
following the curved region in (a), which is indicative of a t'x decay law. (b) Plot that shows 
the approximate linear relationship between normalized luminescence and inverse time.
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(a) Ln(I/Io) vs. Time.
-3.6
-3.8
-4.2
-4.4
-4.6
0.60.2 0.4 0.8 1 1.2 1.4 1.60
Time (seconds)
(b) Ln(I/Io) vs. Time - expanded log scale.
Figure 4.13 LKH-6 - (a) The relative decrease in intensity occurs at a slightly faster rate 
than CHI glass, (b) As with CHI glass, the luminescence does not decrease exponentially.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60
c
o
-3
4
5 4 3 2 1 0
Ln(Time)
(a) Log-log plot of the x-ray induced phosphorescence - full scale.
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Figure 4.14 X-ray induced luminescence plots- LKH-6 glass. As with CHI glass, the lu­
minescence decay appears to be proportional to 1/t.
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Figure 4.15
0.03
0.025
a
a  o.o2 
a
&a
0.015
0.01
1000 50 150 200
l/(T im e)2 (s'2)
(a)
0.024
0.022
0.02
• 0.018
0.016
C 0.014
0.012
0.01
0.008
100 20050 1500
l/(T im e)2 (s'2)
(b)
Plots of I vs. 1/t2. (a) CHI glass, (b) LKH-6 glass.
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Short-term luminescence measurements
The luminescence was measured immediately following the end of x-ray excita­
tion. The procedure and experimental apparatus are described in section 3.6 of Chapter 3. 
Initial measurements were performed at room temperature only. Subsequent measure­
ments, however, were performed at lower temperatures to investigate the possible temper­
ature dependence of the afterglow.
Luminescence measurements for each sample at room temperature are shown in 
Figure 4.16. X-ray source settings for these data sets were 94.8 kV acceleration voltage, 
with the target current varied from 0.20 mA to 0.80 mA. Samples were placed approxi­
mately 6 cm from the target. The slit width was 330 micrometers, which created a 120 
microsecond burst of x-rays when the beam passed over the opening. The flux of x-rays 
was varied by changing the current of electrons to the target. It was found that varying the 
flux had no effect on the decay characteristics for either glass sample. As with the uv-laser 
excitation experiment, the luminescence initially decreased exponentially for approxi­
mately the first 20 milliseconds but then deviated from this. Comparison of the plots of 
ln(I/Io) vs. t and Infl/Ig) vs. ln(t) indicate that the secondary decay decreases with a l/tx 
dependence. Nonlinear least-squares fits indicate both responses are adequately described 
by equation (4.2).
3  0 .6
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Time (seconds)
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Figure 4.16 Room-temperature x-ray induced luminescence.
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Figure 4.17 CHI Glass-Room temperature measurements, (a) Log-lin plot, (b) Log-Log 
plot. Both plots indicate that the response is represented by a combination of an exponen­
tially decreasing function and a function with a l/t* dependence.
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Figure 4.18 LKH Glass Room temperature measurements, (a) Log-lin plot, (b) Log-Log 
plot. Plots indicate that the response has the same characteristics as the CHI glass.
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Sample b x (ms) c PCs'1)
CHI 0.90 ±0.01 3.54 ±0.01 0.11 ±0.01 96. ±11.
LKH 0.84 ±0.01 3.28 ±0.01 0.15 ±0.01 128. ± 7 .
Table 4.4 Fitting parameters for room temperature pulsed x-ray excitation.
The apparatus for measuring the fluorescence at lower temperatures is described in 
Section 3.6 of Chapter 3. Source conditions for this experiment were 96 kV acceleration 
voltage and 0.80 mA target current. The slit was opened to a width greater than what was 
used for the room-temperature measurements in order to compensate for the absorption of 
x-rays passing through the cold chamber surrounding the sample. Data was recorded at 
temperatures ranging from 77 K to 290 K. Plots of the data at three different temperatures, 
shown in Figure 4.19, show the luminescence response of both glasses is dependent upon 
temperature. This is apparent in the broadening in the temporal region from 0 to 20 milli­
seconds after the removal of x-rays.
When the sample temperature is greater than approximately 250 K, there is no sig­
nificant difference between the measured response and the room temperature response 
seen in Figure 4.20, which shows the lifetime of the assumed exponential decay vs. tem­
perature. This is seen by plotting the fitting parameter for the exponential region, x, versus 
sample temperature. It is interesting to note that both samples follow a similar trend, while 
having different lifetimes at a given temperature.
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Figure 4.19 Variable temperature measurements, (a) CHI glass, (b) LKH glass. For both 
glasses, the rate o f decay decreases with temperature.
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Figure 4.20 Lifetime vs. Temperature. Plot of the lifetimes calculated from fits of the 
exponential region of the decay indicating an increasing trend up to approximately 250 K, 
where it becomes constant.
4.6 Thermoluminescence
The results of the previous section provided show the temperature dependence of 
the luminescence, which is indicative of a contribution to the luminescence by trapped 
charge carriers. It is possible to create a large population of trapped charges in the glasses 
by irradiating them at low temperature. After irradiation, the trapped electrons can be ther­
mally stimulated to release them from the traps. This process will result in temperature 
dependent luminescence that can be recorded.
As was the case for the luminescence measurements described in 4.6, the samples 
were exposed to x-rays by placing them above the source of the Digiray system. To main­
tain the temperature of the samples at a low temperature, the samples were placed in a liq­
uid nitrogen bath. The x-ray source settings for this experiment were an acceleration
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voltage of 100 kV and a tube current of 1.0 milliamperes. Each sample was irradiated by 
x-rays for a period of 20 minutes before being transferred to the dewar of the thermolumi­
nescence experiment. It was observed that even at 77 K, there was significant lumines­
cence 3 1/2 hours after the end of x-ray irradiation.
Prior to placing the sample into the measurement system, the temperature was sta­
bilized by filling the dewar with liquid nitrogen. The nitrogen level needed to recede to 
below the window level before the measurement began. This delay enabled the emptying 
of shallow traps. When the measurements began, the detector and thermocouple outputs 
were recorded at approximately every 3 minutes. The thermocouple data provided the 
heating rate of the sample, which is required for a comparison of data and theory.
The temperature profiles for measurements performed on the CHI and LKH 
glasses are shown in Figure 4.21. Initially, the sample temperature increased at a slow rate 
due to the presence of liquid nitrogen. After all of the nitrogen boiled off, however, the 
temperature increased at a higher rate, which can be easily seen in the temperature pro­
files. In both measurements, the change in rate occurred at approximately 100 K.
The thermoluminescence glow curves for the CHI and LKH samples are shown in 
Figure 4.22 and Figure 4.23. While the rate of temperature increase changed at 100 K, the 
highest intensities of luminescence occurred at higher temperatures. Neither of the glow 
curves exhibit the shape characteristic of a single trap with first- or second-order kinetics. 
There are also no well separated peaks, a characteristic of several different traps with dis­
tinct activation energies. The broadness of the glow curves is indicative of the presence of 
traps with a distribution of activation energies. By plotting ln(I(T)) vs. 1/T, the lower 
bounds to the energy distributions can be estimated from the initial-rise region, which 
yields E/kg based on equation (2.37). Linear fits for each data and the corresponding val­
ues of E are shown in Figure 4.24.
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Figure 4.21 Temperature profiles for each glass sample over the course of the thermolu-
minescence experiment show non-linear heating.
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Figure 4.22 Glow Curve - CHI glass. The signal was above the inherent system noise for 
the duration of the measurement.
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Figure 4.23 Glow curve - LKH-6 Glass. The initial rise and fall is indicative of a second 
distribution of traps.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
71
e
3
«3
0.008 0.0085 0.009 0.0095 0.01 0.010S
l/T (Kelvin1)
(a)
0.009 0.0092 0.0094 0.0096 0.0098 0.01 0.0102 0.0104
l/T  (Kelvin*1)
(b)
Figure 4.24 Determination of the lower bound of activation energies, (a) CHI sample - 
E = 0.08 ±  0.01 eV. (b) LKH-6 sample - E = 0.07 ±  0.01 eV.
4.7 Conduction properties
A coarse measurement of the conductivity of each sample was made during x-ray 
irradiation. A bias voltage was placed across two of the leads indicated in Figure 3 .10a. 
Measurements were made using a DC and AC bias voltages. The DC voltages used ranged 
from 0 to 20 volts. AC amplitudes used ranged from 0 to 5 volts over a frequency range of 
0 to 100 kHz. In addition, the flux and energy spectrum of the incident x-rays were varied 
in the same manner as described for the previous experiments.There was no measurable 
DC or AC current for any of the settings of the x-ray system used for this experiment. This 
indicates that the mean lifetime of a free charge carrier in the glass matrix is too short to 
enable significant transport of current.
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Chapter 5 
Discussion
5.1 Previous studies
There have been numerous studies on the luminescence of rare-earth ions in both 
crystalline [Joubert et al 1982,1983; Kellendonk and Blasse 1982; Camall et al 1968; van 
der Ziel et al 1972] and amorphous hosts [Spector et al 1992,1993; Spowart 1979; Shulgin 
et al 1972; Hoaksey et al 1978], particularly for the purposes of developing laser-type 
materials. In all cases it had been found that indeed the emission spectra did not change, 
despite the variation in the chemical composition of the host material. Different lifetimes 
for the 5D4 state have been reported, however, ranging from 1 to 10 milliseconds. This 
apparent discrepancy is attributed to both thermal and concentration quenching of the pri­
mary luminescence process.
Studies of terbium-doped glasses have been made for the purposes of using such 
materials as fiber-optic sensors in high-energy [Ruchti et al 1984; Shao et al 1991] and 
radiographic applications [Bueno et al 1990]. Their use for high-energy physics experi­
ments are considered limited due to the relatively long lifetime of the terbium emission. 
There is no mention of residual afterglow following detection of high-energy x-rays, 
gamma-rays, or neutrons. It is only from their use in x-ray radiographic applications that 
afterglow is mentioned as a potential problem. The key difference is that x-ray radio- 
graphic applications record integrated signals, while high-energy physics applications 
record individual pulses. Prolonged exposure to radiation increases the population of
72
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trapped charge carriers such that their contribution to the overall luminescence becomes 
significant.
Previous terbium luminescence studies have not investigated the source of the 
long-term luminescence. While other groups [Spowart 1979; Shulgin et al 1971; Hoaksey 
et al 1978] have used thermoluminescence data to characterize electron traps in terbium- 
doped glasses, none made any connection between electron trapping and afterglow. In one 
case, theoretical arguments were made that the source of afterglow was due solely to the 
distribution of terbium ions in a glass matrix [Toonoka et al 1991]. The thermolumines­
cent properties of the glasses studied are compared to data on other amorphous materials 
and their trap distributions.
5.2 Optical excitation
Results of the optical studies from Chapter 4 suggest that the absorption edge of 
the host materials is slightly above the higher 4f energy levels of trivalent terbium. It can 
be inferred from the optical absorption data that the mobility band edge, or Urbach edge, 
begins at approximately 3.5 eV. Total absorption was observed to occur at photon energies 
of 4.66 eV in the CHI glass, and 3.70 eV in the Lockheed glass. In comparison, amor­
phous silicon dioxide (S1O2 ) has been found to have an energy gap lying between 8.9 -11 
eV [Fuxi 1992; Mott & Davis 1979]. The narrowing of the gap in the scintillating glasses 
studied is attributed to the presence of the many impurity ions in the glass, giving rise to a 
large number of gap states.
The luminescence response to the two laser excitations with photon energies above 
and below the Urbach edge suggests that the long-term luminescence observed is due to 
secondary excitations of Tb3+. It is evident from the optical absorption spectra that all or 
most of the light emitted from the Argon-ion laser (488 nm) that is absorbed in the glass is 
being absorbed by Tb3+. Following the excitation, the population of excited Tb3+ ions
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relaxed back down to the ground state via radiative transitions. The time dependence of 
the luminescence was a single decaying exponential.
For the 266 nm excitation case, however, the luminescence decay is more compli­
cated. The incident photon energy, 4.66 eV, is enough to excite electrons across the band 
gap. It is conceivable that electronic states in the host material were populated, as well as 
energy states above the 5D3 and 5D4 levels of Tb3+. At such energies, it is unlikely that any 
of the Tb3+ ions are ionized further, becoming Tb4+. It has been noted [Spowart 1979] that 
in cerium-doped glasses that cerium ions act as hole traps. Therefore, rare-earth lumines­
cence is induced by the energy transfer following the recombination of the hole with an
electron. It is proposed that for the two excitation conditions, the luminescence is the
result of two processes given below:
hv + Tb3+ -> Tb3+* (i)
Tb3+* -> Tb3+ + hv’
hv + Tb3+ -> Tb3+ + h+ + e"
Tb3+ + h+ + e" -> Tb3+* (ii)
Tb3+* -> Tb3+ + hv’
where the **’ denotes an excited state, and “v”’ is the characteristic frequency of terbium 
luminescence. The long-term luminescence observed is attributed to the delayed recombi­
nation of the electron-hole pairs due to the trapping and subsequent thermal release of 
electrons. Hoaksy et al (1978) reported a second, slower decay of the green emission fol­
lowing excitation from a Xenon flashlamp. Xenon produces a broad emission spectrum 
from ultraviolet (-100 nm) into the visible wavelength region. It should be noted that the 
secondary emission was identified as the 550 nm line of Tb3+.
Strong absorption can occur in Tb3+ via the allowed 4f-5d transition. Following 
absorption, electrons relax stepwise down to the 5D3 and 5D4 states, losing energy via
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phonon emission. Afterwards, the probability for non-radiative transitions to the 7F j states 
is so small due to the large energy difference that this process ceases. An electron then 
makes the transition to the 7F levels radiatively, emitting a photon. The position of the 
outer 4f-5d hybrid states depends on the environment surrounding a terbium ion. The 
inner 4f shell, however, does not depend on the surrounding environment and therefore 
shows no changes in the emission spectrum. It is reasonable to assume that the secondary 
excitations occur due to the interaction of terbium states with those of the host glass.
5.3 X-ray excitation
For x-ray excitation conditions, energy is transferred from the photons to the 
glasses via photoelectric and Compton scattering. The photons create a large population of 
electrons by ionizing constituents in the glass. In addition to both directly exciting Tb3+ 
and indirectly via electron-hole recombination, it is possible to create a charge-transfer 
state of terbium by creating Tb4+. For this case, an electron is removed from Tb3+, creat­
ing a “free” electron and a self-trapped hole. If the electron is trapped at another impurity 
in the glass, the delay in recombining with Tb4+ would also lead to luminescence, as given 
in (iii) below, where v’ is the frequency of characteristic terbium fluorescence.
hv + Tb3+ -> Tb4+ + e"
Tb4+ + e' -> Tb3+* (iii)
Tb3+* -> Tb3+ + hv’
Blasse (1987) reported that in certain crystals Tb4+ itself acts as an electron trap, 
producing a measurable secondary luminescence decay. The depth of theses traps, how­
ever, are quite shallow (0.0031 eV) and were reported to only have an effect on the lumi­
nescence decay at temperatures between 4 and 14 K. Therefore, this does not account for
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any of the delayed fluorescence observed in the current study.
The luminescence response gives a clear indication that there is more than one 
type of electron trap in each of the glasses. This is reasonable given the amorphous struc­
ture of silicate glass. Random network of ions bonded to both bridging and non-bridging 
oxygens produce irregular variations in the field potentials around a terbium ion. The fit­
ting parameters for the pulsed x-ray excitation are in good agreement with the parameters 
describing uv-laser excitation, indicating that the mechanisms involved are the same.
Isothermal analysis of the x-ray induced luminescence indicates that the lifetime of 
the exponential decay region is different from the luminescence response for terbium in a 
crystal. For the crystal, the lifetime decreases with increased temperature due to thermal 
quenching. However, for the terbium in the glass, the life time increases with increased 
temperature. This observation is consistent with the trap model. The lifetime of the traps 
decreases with, temperature, resulting in a greater contribution to the initial luminescence 
response. The exponential decay is produced by the rapid release of electrons from traps 
recombining at terbium ions.
The trap density or the order of kinetics cannot be determined from the short time 
records used for the previous experiments. A 1/t2 tail is suggestive of a second-order 
decay process, however the existence of a distribution of traps can yield the same 
response. The phosphorescence data, however, displayed a 1/t decay, in contrast to the 1/t2 
decay seen in the uv and pulsed x-ray excitations. A 1/t dependence is also indicative of a 
distribution of traps in the glasses. Medlin (1961) noted that the phosphorescence decay in 
a material with a distribution of traps decreases as l/tx, where 1 < x < 2. The change in the 
functional form of the decay is attributed to the release of electrons from deeper traps and 
overall decrease in trapped electrons.
To the determine the order of kinetics, the functional form of the isothermal tem­
poral response, (be it exponential, 1/t, or 1/t2), the relative intensity of the afterglow for 
different exposure times, and the relative intensity of the afterglow for different levels of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
x-ray flux [Hagekyraikou and Fleming 1982] are considered. As was mentioned above, all 
three functional forms for the isothermal decay are observed in each glass. The relative 
intensity of the afterglow with respect to the peak intensity did not significantly change 
with x-ray exposure and flux. This linear change in the afterglow intensity with x-ray 
exposure and flux strongly indicates first-order kinetics.
5.4 Thermoluminescence analysis
Analysis of the x-ray isothermal decay shows that the afterglow is temperature- 
dependent. The nature of this temperature dependence indicates that it results from a dis­
tribution of electron traps in each glass. This conclusion is confirmed by the thermolumi­
nescent glow curves obtained after irradiating the glass samples with equal doses of x- 
rays. The shape of the glow curves are not representative of a single kind of trap or a dis­
crete set of traps, well-separated in energy. Further analysis is based on the assumption 
that the trap distribution is quasi-continuous.
A comparison of the glow curves for different trap distributions to the data 
requires modifying the thermoluminescence equations to incorporate nonlinear heating of 
the sample. The temperature of the sample as a function of time can be described approxi­
mately by a linear first-order differential equation
where h is the heat transfer coefficient and Ta is the ambient temperature. From this rela­
tion, the time evolution equations (2.20) and (2.24) can be transformed into temperature- 
evolution equations by substituting dt  = (1 / h  (Ta -  T ) ) d T . The thermoluminescent 
intensity is derived using the same methodology for solving the intensity for the linear 
heating case.
For first-order kinetics, the equation for trap density becomes:
(5.1)
E
dn (5.2)
n
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which reduces to
H z —  J
T - E / ( k B- T ) 
e
h( Ta- T ) dT (5.3)
n = nQ- exp
f  T - E / { k B T)
~S ' \ h { T  - T ) dP (5.4)
Substituting (5.4) into the rate equation for first-order thermoluminescent light intensity as 
a function of temperature:
/  (T) = n(T)  ■ s ■ e 
E
k„-T
.‘.I  (T) = nQ- s ■ e exp
f  T - E / { k B- T)  ^
^  f  h ( T - T ) dT
(5.5)
(5.6)
yields the predicted behavior for a glow peak in a material that is allowed to slowly heat 
up to the temperature of the surroundings.
Using the same methodology as May & Partridge (1964) for general-order nonlin­
ear kinetics,
e  _
(5.7)dnnb h{Ta - T )
e kB T . dT
integrating both sides
-1 1
( b -  1) V " 1 ( b -  1) -nbQ
—  = s - y ( T ) (5.8)
where for simplicity, the quantity y(T) is the integral of the right hand side of (2.27) from 
T0 to T. Note that n0 is the population of trapped charge carriers at time t = 0 (T=T0). Solv­
ing for n,
n =  ^• (b -  1) - y(T)  + 1b -  1n
b -  1
(5.9)
and substituting this expression into (5.5) yields the behavior for general-order kinetics
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E b
E b- 1
b kRT hI (T)  = nQ-s  e • 5- { b -  1) - nQ (5.10)
w here2> £>  1.
For the data analysis, the temperature profiles are fit between the temperatures 100 - 273 
Kelvin, the region in which equation (5.1) is valid. The values for ambient temperature, 
Ta, and the heating coefficient, h, for each sample is given in Table 5.1.
As mentioned previously in Chapter 2, the distribution of trapping energies is 
assumed to be one of three basic functional forms: linear, Gaussian, and exponential. The 
shape of the glow curve is a function of the trap distribution, the temperature dependence 
of the frequency factor s, and the order of kinetics. In most cases, there is no temperature 
dependence for s. The only reported case for a frequency factor dependent on temperature 
is by Pender & Flemming (1977), which they attribute to the long polymer chains of the 
samples they were studying. For vitreous glass, it is assumed that s will remain constant 
for all temperatures. Changes in s are insignificant in comparison to changes in activation 
energy and temperature in the Boltzmann term of the Arrhenius function.
A functional form for the trap distribution is estimated by examining the shape of 
the glow curve. The intensity is related to the population of trapped electrons. For a distri­
bution of traps, the entire glow curve is a superposition of glow curves with distinct trap 
energies. Data from the initial rise region indicates a lower bound to the activation energy
Sample Ta (K) h (10‘3 s '1)
CHI 291.0 + 0.5 3.2+ 0.1
LKH-6 291.8 + 0.3 3.9+ 0.1
Table 5.1 Temperature profile fitting parameters.
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distribution since the shallow traps will be emptied at lower temperatures.
The shape of the CHI glow curve suggests an exponential energy distribution. The 
glow curve was fit assuming that the distribution was quasi-continuous, with a lower 
bound of approximately 0.08 eV, as determined in Chapter 4. The distribution function 
used in the fit is assumed to be
D ( E ) = nA ■ exp(-5 - ( E - E min))  (5.11)
It was further assumed that the entire glow curve is the result of first-order kinetics, as 
inferred from the isothermal decay data. The distribution function (5.11) was therefore 
inserted into equation (5.6).
The parameters adjusted for the fit were the exponential constant 8, the frequency 
factor s, and the average activation energy Emin. Results are given below in Table 5-1 and 
Figure 5-1.
5 (e V l) s (seconds)'1 Emin (eV)
7.5 ±0.5 1.0 x 104 0.12 + 0.01
Table 5.2 Glow curve fitting parameters: CHI glass.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
 Fit
° Data
0.8
0.6
0.2
1 2 08 0 160 2 0 0 2 4 0
T em p era tu re  (Kelvin) 
Figure 5.1 Glow data and theoretical fit: CHI glass.
In contrast to the CHI glass, the LKH-6 glass exhibited a very broad glow curve.
An interpretation of this shape is the presence of a gaussian distribution of traps. Instead of
(5.11), the distribution function/(£) used is assumed to have the following form:
(  ( E - E  ) 2\
D (£) = nA • exp[ J. (5.12)
The average activation energy, Eavg, is estimated from the midpoint between the values of 
Emin and £mar., where Emin is estimated from the initial rise region and Emax, is an adjust­
able parameter. The parameter a  is the half-width of half-maximum of the gaussian func­
tion. Results of the fit are given below in Table 5.2 and Figure 5.2.
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CT(eV) s (seconds)-1 Eavg (eV)
0.08 ±0.01 1.0x10* 0.19 ±0.01
Table 5.3 Glow curve fitting parameters: LKH-6 glass.
1.2
o Data 
 Fit1
0.8
0.6
0.4
0.2
0
2 0 0 2 4 01608 0 120
T em p era tu re  (K elvin) 
Figure 5.2 Glow data and theoretical fit: LKH-6 glass.
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The peak that appears in the temperature range of 77 to 100 K was not fit due to the dis­
continuity in the heating rate that occurred at approximately 100 K.
The functional form of the trap distribution functions used for the two glasses can 
be related to the optical absorption data. The ultraviolet absorption edge of the LKH-6 
glass was more abrupt and occurred at a lower energy than for the CHI glass. Trap states 
within the band edge would be randomly distributed due to the amorphous structure of the 
glass. The ultraviolet absorption edge for the CHI glass, however, falls off much more 
gradually, with the ultraviolet absorption edge occurring at higher energies. An exponen­
tial distribution of trapping states would coincide with the fact that the mobility edge 
extends into lower energy states, and hence, deeper traps. Shallow states in both cases 
would lie just below the conduction band.
5.5 Effect of trap distributions on isothermal luminescence decay
The time-evolution models in Chapter 2 describe the generation of luminescence 
via direct-band recombination of electron and holes. An assumption made in these models 
is that at a luminescence center, the characteristic lifetime for radiative transitions is much 
shorter than the time electrons (or holes) spend in traps. This assumption holds in general 
for many crystalline systems (e.g. Nal or Csl) where the radiative lifetimes are the order of 
10'9 seconds. Luminescent materials doped with rare earth ions exhibit much longer life­
times due to the forbidden 4f-4f transitions that are on the order of milliseconds. There­
fore, any accurate model representing these processes requires incorporating the 
contribution of traps to the immediate response of the glass.
A further modification that is needed is the incorporation of a distribution of trap­
ping states. Depending on the kinetics involved, there may or may not coupling between 
the rate changes in each type of trap. An exact model to describe the terbium-doped sili­
cate glass cannot be constructed because of the difficulties in identifying the density of
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trapping centers and their corresponding trap depths. As inferred from the thermolumines­
cence data, there is a quasi-continuous distribution of traps found in each glass. An 
approximate model can be constructed for a discrete distribution.
A generalized model for the electronic processes following the removal of excita­
tion is represented below by equations (5.13) - (5.15). The assumption made is that the 
contribution from trapping centers is due solely to electron traps, analogous to the single 
trap system represented by equations (2.10) - (2.12) in Chapter 2.
The parameters are as defined previously for each species of trap with a corresponding 
activation energy, Ev Once an electron leaves a trap, it is no longer distinguishable from 
electrons leaving any other type of trap. It is further assumed that interactions between 
traps only takes place via the conduction band or localized bands. The individual rate 
change in trapped electrons, nv will therefore be independent of electrons in different spe­
cies of traps. Charge neutrality requires that
Following the same line of reasoning for the single trap case, equations (5.13) -
(5.15) can be simplified by assuming that once excitation of the material has ceased, the 
number of conduction electrons is small with respect to the number of trapped electrons
dn;
(5.13)
(5.14)
(5.15)
(5.16)
where rif, is the total population of trapped electrons, .
dn
such that —— ~ 0 . Using this condition, (5.14) can be solved with respect to nc:
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Z /V 1,i (5 .17)
E k i ( N , - n i) + n hA r
Substituting (5.17) into (5.15) yields
dnh nhAr'LPPi n  ______________i___________
dt I * , W - « i )  + * /A
(5.18)
In the limit that there is no retrapping of electrons in the material such that for all traps the 
retrapping probabilities k{~ 0 ,  equation (5.18) is further reduced to
In other words, the system reduces to a first-order kinetics problem.
In terbium-doped silicate glasses, the negative rate change in the population of 
holes increases the population of terbium ions in the excited state, m, such that
where X is the radiative transition probability for a 4f shell electron in trivalent terbium. 
Solutions to (5.21) would therefore be proportional to the time-evolution of the radiation- 
induced luminescence. Given the initial conditions, these solutions would indicate that the 
luminescence is a result of directly and indirectly excited terbium ions.
Experimental evidence indicates that the recombination process in silicate glasses 
is a first-order process. For an arbitrary distribution of traps, the initial population of 
trapped electrons in each species of trap can be written with respect to the total population 
of trapped electrons at t = 0  as
(5.19)
In this situation, each rate equation can be solved independently
(5.20)
dn;
(5.21)
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n 0 i  ~  D ( E i )  n Q (5.22)
where DfE-J is the discrete trap distribution function. Using (5.20), the solution to (5.21) is 
a convolution of exponential functions
The solution given by (5.23) displays features seen in the actual isothermal lumi­
nescence decay data, particularly the increased delay in the first 20 - 30 milliseconds. As 
the temperature increases, the probability of escape increases also. This results in a greater 
contribution of indirect excitation at earlier times, as shown in Figure 5.3 (a). Figure 5.3
(b) shows a comparison between experimental data and the model using the parameters 
from the thermoluminescence data. While the solution matches in the early part of the 
decay, it quickly falls below the experimental data at later times. A likely explanation for 
the discrepancy is the delayed input from deeper traps that were not seen in the thermolu­
minescence data and were therefore not accounted for in the trap distribution functions 
estimated from the data. It is also true that the contribution to the indirect excitation of ter­
bium ions is directly proportional to the total number of trapped electrons, which is a func­
tion of the acquired radiation dose of the glass. Matching the theory to the experimental 
data requires quantifying the pulse shape of the excitation.
m (t) = mQexp(-Xt)  + £
The time-response of the radiation-induced luminescence will therefore be
/  ( 0  ocm(t) . (5.24)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
0.4
0.35
 100 K
—  -150 K 
 200 K
0.3
0.25
0.2
4—*• «-HinCo
cl-H
0.15
0.1
0.05
0 0.01 0.02 0.03 0.04 0.05
Time
(a)
0.4
0.35
0.3
0.25
0.2
c 0.15
0.1
0.05
0 0.03 0.04 0.050.01 0.02
Time
(b)
Figure 5.3 First-order kinetics model and comparison to experimental data, (a) Model ex­
hibits the same broadening of the luminescence decay at early times, (b) Model matches 
time response of the glass at room temperature. All curves are normalized to one. Intensity 
scale is enlarged for emphasis.
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Chapter 6 
Conclusions
Findings of this research indicate that the processes involved with luminescence in 
terbium-doped silicate glasses require a great deal of study before one can confidently pre­
dict the time-response under varying radiation conditions. It is clear, however, that for 
excitation energies above the mobility gap of the glasses that the time evolution of the 
luminescence is a function of both direct and indirect excitation of Tb3+. Furthermore, the 
indirect, secondary excitation is a first-order kinetic process resulting from the thermal 
release of trapped electrons in the host glass. It is therefore expected that the afterglow 
will increase linearly with x-ray intensity for radiation levels that do not fill all of the traps 
in the glass. Analysis of thermoluminescence glow curves indicate that the activation 
energies for the trap states are distributed over a broad range.
Though the two commercially available glasses studied for this research have dif­
ferent compositions of various oxides the luminescence decay characteristics were very 
similar. It had been claimed by the researchers at Lockheed [Bueno and Barker] that LKH- 
6  displayed a factor of 1 0  reduction in afterglow as compared with other glasses including 
the CHI glass. It can be inferred from the phosphorescence data that LKH- 6  does indeed 
show reduced afterglow. However, this reduction, as compared to the CHI glass, is less 
than a factor of two. Since the creation of electron traps in silicate glass is unavoidable it is 
believed that the LKH- 6  glass was formulated in such a way as to have more trapping cen­
ters with higher activation energies in order to reduce afterglow. By doing so one could 
effectively “freeze out” the afterglow by cooling the glass.
8 8
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The discrepancy in the data obtained by Lockheed with the measurements made 
during this research may be attributed to the manufacturing process of the glasses. Future 
efforts should focus on whether reproducing the composition of the glass reproduces the 
luminescent response of the glass. The emission spectrum of the glasses does not appre­
ciably change due to the unique properties of rare-earth ions, as was confirmed in Chapter 
4. However, reproducing the composition of a glass does not necessarily produce the same 
distribution of trapping centers.
The observation of a persistent afterglow at 77 K also should be addressed by the 
future studies. Thermoluminescent measurements clearly indicate that the afterglow at 
higher temperatures is primarily due to the delayed recombination of electron-hole pairs 
following the thermal release of trapped electrons. It has been observed in other materials 
[Visocekas et al 1976] that low-temperature (< 77 K) afterglow can result from quantum 
tunneling of electrons from traps to the recombination centers. Measurement of low-tem­
perature afterglow should, in principle, indicate the position of the trapping centers with 
respect to the luminescent recombination centers.
Agreement between the uv-laser and x-ray included luminescence data suggest a 
more precise method of characterizing the luminescence in doped glasses. The pulse shape 
and dose rate of a laser is much easier to adjust, and the signal to noise ratio is much 
higher than for x-rays. The ability to focus laser light permits the use of precision temper­
ature controlled cold-finger devices that the samples can be placed into without signifi­
cantly reducing the input intensity. Such an experimental configuration would permit 
measurement of the isothermal luminescence decay and thermoluminescence in a more 
stable environment.
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Appendix A
Computerized Tomography and Afterglow Correction
General theory of tomography
Tomography is the generation of 2-dimensional cross-sectional image of an object 
of interest from its projections. (It is also possible to create 3-dimensional volumetric 
images, but this will not be discussed.) A projection is defined by a line integral through an 
object The mathematical representation of a projection is given by
P = \ f ( x , y ) d s  (A.l)
S
where s is the path and f(x,y) is a function that defines the cross-section of the object. The 
line path, s, can be parameterized in terms of the perpendicular distance from the origin of 
the coordinate system, t, and the angle t makes with the x-axis, 6:
t = xcosG + ysin0 . (A.2)
By using a delta function and (A.2), (A.l) becomes a double integral over the entire xy-
plane
P e M  =  J 1 J 1  /  (x, y ) 5 (xcos 0 + y  sin 0 - 1) dxdy . (A.3)
The function P0 (t) now defines a set of projections of f(x,y) called the Radon Transform.
90
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Analogous to Fourier and LaPlace transforms, Pe(t) and f(x,y) are mathematical 
compliments o f one another. Given the Radon Transform, f(x,y) can be recovered by per­
forming the inverse transform:
1 f2lC Am
f ( x , y ) = - 1 I (f) /z (xcosQ +ysin0 - 1) dtdQ (A.4)
2 *o —tm
where Pe(t) = 0 for Itl > tm- In practice, the space is discretized so that the inverse trans­
form can be performed numerically on a computer.
X-ray computerized tomography (CT) images are created by manipulating x-ray 
transmission data obtained for an object of interest. The x-ray data is obtained by measur­
ing the absorption of x-rays as they either pass through a 2 -dimensional cross-section of 
an object. Absorption for a monoenergetic x-rays along a straight line path of length I 
through a homogeneous object follows the Beer-Lambert law:
I  = / 0 • exp (-p. • /) (A.5)
where Iq is the unattenuated intensity and p. is the linear attenuation coefficient. In general, 
however, the linear attenuation coefficient will depend on the local density for each point 
inside an object. Equation (A.5) can therefore be rewritten as
/  = / 0 -ex p f-Jp .(;c ,y )d ^  . (A.6 )
^ S  '
The line integral in (A.6 ) can be found from the physical data by talcing the negative loga­
rithm,
- l n ^ j  = Jp.(x,y)<is. (A.7)
Noticing that the attenuation function is a physical representation of the cross-section of 
an object, p.(x,y) can be related to f(x,y)
Jp .(x,y)ds<=>jf(x ,y)ds,  (A.8 )
S  S
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and consequendy,
(A.9)
S
Problem of scintillator afterglow and its effect on image reconstruction
The luminescence of a scintillator following excitation from a single pulse of radi­
ation can be represented as a response function, r(t). In the presence of time-dependent 
incident radiation started at t = tp, the light intensity as a function of time is a convolution
where s(t) is the intensity of the incident radiation. This light is collected by a detector 
(e.g. photomultiplier tube or charge coupled device), converting it into an electronic sig­
nal. To improve the signal to noise ratio, charge is allowed to build up in the detector for a 
set period of time. The output of the detector, A, is therefore an integrated signal,
where T  is the integration time and N  is the index of the measurement time interval.
Over the course of a CT scan, the object of interest is rotated to obtain data from 
different angles assuming the intensity of radiation on the detector, s, is constant during 
the integration period (i.e. the sample does not move.) The residual detector response from 
the previous location of the sample since t = 0  is
o
(A. 10)
(A .ll)
with the resulting signal output from the detector becoming
(A.13)
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Equation (A. 13) can be recast in a simpler form
s 4 TJ a'it-W-n)T-i)dld,  = (A. 14)
where the form function F^.n is defined by the double integral. A summation of all of the 
previous signals makes up the total signal recorded such that
N
A = S  A„.
n = 0
(A. 15)
In the presence of an attenuating object, the attenuated signal, An is given by 
soFN-n™V (—^n) * where Pn is the nlh projection, as defined by (A.9), where Pn = 0 
defines an unattenuated signal. The total signal at the detector after N  views would then be 
given by
N
A 'total =  X  S0F N - n ™ P ( “ **«) •
n =  1
Converting the acquired data into a projection, the result, R, would be
N.
(A. 16)
Rn  = -In
X  ^V -nexP (~Pn)
n = 0_________________
N
n = 0
and not the true projection, PN. If the response of the scintillator, r(t), is such that 
F0 » F l » F2 for n > 2, then (A. 17) reduces to
•F0exp (~PN) + F l exp (~PN_ l )
(A. 17)
Rn  = -In (A. 18)
The resulting projection data would therefore appear to show a second object displaced 
one stepsize in rotation from the original object
To correct for the afterglow artifact, one needs to recover the true projection Pj 
from the resulting projection data, R. This can be achieved in the following manner. Make 
a Taylor series expansion of R about Fj = 0:
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r n  = —In exp (~PN)
(  F i Yl
1 + J ’i &xP (PN - PN - l )
s. ^ 0  j .
(A. 19)
R N  ~  P N + p ~  [ l _ e x P + 2
f  T? \
\ Foj
For small A2/Aj,
r n - p n  + -  exp •* A
Assuming that (PN - P ^- i )«  1. expand exp(F^ - PN.j) to 1st order:
R N =lPN ~ ] r ( P N ~ PN - i ) '
(A.21)
(A.22)
Finally, from (A.22), the correct projection, P^  can be obtained:
F,
PN =
r n ~ p  p n - i  r o
1 -
(A.23)
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Appendix B 
Band Theory of Solids
All solid materials are comprised of atoms arranged under some form of structure. 
Solids that have atoms arranged in a regular, periodic structure are defined as crystals. Sol­
ids that do not possess any long range order are referred to as amorphous solids. This lack 
of order in amorphous materials makes description of electronic processes very difficult. A 
basic review of electronic processes in crystalline materials, however, provides a good 
starting point for understanding processes involved in the glasses studied. The basic con­
cepts described below are used to describe the processes in disordered and amorphous sys­
tems [Anderson (1958)].
In crystalline materials, the Hamiltonian for a single electron can be written as fol­
lows:
where the potential function U{r) has the periodicity of the crystal lattice. To a first 
approximation, U(r) can be described as a series of symmetric potential wells that dip in
example of a one-dimensional periodic potential with a lattice spacing of a is shown in 
Figure B.l.
(B.l)
the vicinity of an ion and then flatten out in the region between neighboring ions. An
95
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U(r)
r
Figure B .l Potential energy for a 1-dimensional lattice with lattice spacing of a. The solid 
circles indicate the positions of ions in the crystal.
Inserting the Hamiltonian given in (B.l) into the time-independent Schrodinger equation:
one can solve for the eigenstates. The solutions for \|/(r) are of the form of a plane wave 
times a function with the periodicity of the lattice:
such that Unjtfr+a) = u(r). This formulation for an electron in a periodic potential is known 
as Bloch's Theorem.
Bloch's Theorem is admittedly a simplified description for any real crystalline sys­
tem. It does not take into account such things as interactions with other electrons, lattice 
defects, the presence of impurities, or the fact that ions in a lattice can thermally vibrate 
about their equilibrium positions. The theory does, however, illuminate some important 
features of electron conduction in crystals.
Perhaps the most important concept that arrises from Bloch's theorem is that of an 
energy band structure in crystals. This can be simply illustrated by again examining a 1-
t fy (r )  = Ey (r) (B.2)
(B.3)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
97
dimensional periodic potential. By replacing r  with x in Equation (B.3), it can be easily 
shown that the electron wavefunction \j/(x) vanishes whenever the wavenumber k  is an 
odd-integral value of ^ . In a real physical system, this occurs at a Bragg plane in a crystal. 
The wavenumber k  can be related to the energy state of the electron by recalling the DeB- 
roglie relation,
h i 2 tc _  hk
P = V k = \ ^ P = 2 i  ^
g  = °  - *- ] ■ -  (B.5)
2m (2tc) 2m
where the wavelength, X, is on the order of the spacing of ions in the crystal lattice. There­
fore, for the values of k in which \jr(x) vanishes, there are corresponding values of E 
known as \h& forbidden energies. These energies denote energy eigenstates that cannot be 
attained by an electron. The addition of a weak periodic potential, U(x), will perturb the 
possible free-electron energies. (U(x) can be considered weak because the effects of 
screening by electrons near a positive ion weakens the interaction between an electron and 
the lattice potential.) It can be shown [Bums (1985)] that this results in a broadening of the 
values of forbidden energies near a Bragg plane, resulting in energy or band gaps.
A simple illustration of this can be demonstrated by again using the one-dimen­
sional potential shown in Figure B .l. Suppose that the functional form of this potential is 
given as follows:
U(x)  = U0 • (1  + c o s ( j  (2x + a) ) )  (B.6 )
where a is the lattice spacing of the crystal. Treating this as a perturbation on the free-elec­
tron Hamiltonian, the perturbed wavefunctions, \|/' (x) , are expressed as a linear combi­
nation of the unperturbed free-electron Bloch functions:
¥ ' 0 0  = ^ j Ckuk W  ^  ~ ckuk {x)eikXjr c liuk, { x )e i,£x. (B.7)
k
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For the 1-d lattice, the function representing the periodicity of the lattice can be set to a 
constant,^*) = 1IX1/2 = (k!2%)m . Given the quadratic form of the free-electron energies, 
(B.5), there is at least a two-fold degeneracy in the values of the wavenumber k. To solve 
for the perturbed energies, therefore, we must use degenerate perturbation theory to solve 
for the allowed energies at a Bragg plane. This is done by solving the time-independent 
Schrodinger equation
(H0 + H' ) Y ( x )  = £V 0c) (B.8 )
defining H q = free-electron Hamiltonian and H'  = U(x). Multiplying both sides of (B.8 ) by 
Bloch wavefunctions and using orthogonality generates the following system of equa­
tions:
EkCk + ^kk'Ck' = Eck (B-9)
Ek,ck + = Ec£ (B.10)
The matrix elements H ^  are given by
Hka = \ \ e - ikxU (x )e ikxdx, (B .ll)
noting that = Hk>k. Now, as with any periodic function, U(x) can be expressed as an 
integral of its Fourier transform:
co
U{x)  = ^  J U (q) eieixdq (B.1 2 )
Substituting this back into (B .ll)
oo
Hkfi = J |  u  (q) eix - k+'k') dqdx (B. 13)
it is easy to see that this integral is non-vanishing only for the constant term in U(q) and 
when q = k -  k’. All other values of q, yield a zero result. For the simple one-dimensional
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periodic potential used in this example, the constant term in ZJ(q) is just U0. Solving the 
secular equation to find the perturbed energies:
( Ek - E ) UQ
U0 ( * * - £ )
= 0
E - E ( E k + Ee ) +EkEi, - U l  = 0
which reduces to
E = (Et + E,) ± M + E r > 2-4-£A +4£/2
(B.14)
(B.15)
(B.16)
At a Bragg plane, the energies for the free-electron wavefunctions, Ek and Ek>, are equal 
due to the degeneracy. Therefore, the allowed energies for the perturbed wavefunctions
are
E = Ek± U 0. (B.17)
The interaction between of a weak periodic potential creates a situation in which at the 
Bragg planes of the crystal, there is now an energy gap with a range of forbidden energies 
of width U q about the free-electron energy. This discussion can be extended to three- 
dimensions, incorporating the structures and symmetries of real crystals.
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Appendix C 
Attenuation Curves
■0.5
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Figure C-l X-ray attenuation curve - LKH- 6  glass. Source conditions: V = 180 kV, 
0.30 mA.
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Figure C-2 X-ray attenuation curve - CHI glass. Source conditions: V = 180 kV, I = 0.30 
mA.
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Appendix D 
Images of laser-induced luminescence
Figure D.l Blue laser light (488 nm) from an Argon-ion laser passes through both glass 
samples, directly exciting terbium ions. The light emission ceased immediately following 
the termination of laser excitation.
102
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Figure D.2 CHI sample excited by a quadrupled Nd:YAG laser (266 nm). Note the con­
fined region of excitation indicates the penetration depth of the ultraviolet light.
Figure D.3 LKH- 6  sample excited by the same Nd: YAG laser. The ultraviolet penetration 
depth is much shorter than that for the CHI sample.
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Figure D.4 CHI sample following the removal of ultraviolet radiation. Afterglow is effec­
tively an image of the prior excitation.
• > -  •
Figure D.5 LKH sample following ultraviolet excitation. In both cases, the terbium fluo­
rescence was visible to the unaided eye for over 15 minutes.
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